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Abstract
Building contents include all the components that are not attached to the building which
the owners place after the construction phase, such as furniture, electrical equipment, glassware, and
other personal items. Loss and damage assessment of building contents proved to be challenging
in performance-based earthquake engineering frameworks because of the data sparsity. Damages to
building contents during an earthquake not only cause monetary losses; tumbling and over-toppling
of heavy building contents could result in injuries and even deaths of occupants. While major
advancements have been made in performance-based earthquake engineering; however, the focus is
mainly on damages and collapse risk of the main structures (e.g. structural components and lateral
force resisting system). Therefore, it is crucial to conduct research to improve current knowledge
base of building content risks to property loss and life safety. Also, it is of a paramount importance to
study and explore the various techniques to protecting these components in order to mitigate future
loss and life hazards. Performance-based earthquake engineering principles are used to estimate
content dollar loss and life safety. The FEMA P-58 (P58) framework is a component-based loss
assessment framework that provides damage metrics for different building components in terms of
fragility and consequence functions. However, P58 only has a limited number of content components
where the consequence functions are left to users to define. Additionally, in terms of seismic casualty
assessment, even when P58 is suitable for predicting the total number of fatalities and critical injuries,
the current proposed P58 framework does not differentiate between different injury severity levels
rendering it not as useful for applications such as estimating insurance premium for earthquake
induced injuries. In order to overcome the shortcoming in terms of estimating content monetary
losses and injury consequences. This work aims to provide a detailed framework for (1) assessing
content damage, and monetary loss, (2) evaluating the influence of different content protection
strategies on content risk and performance.
ii

In the first study, this dissertation develops analytical fragility functions for rigid block-type
contents based on nonlinear time history analysis of different dynamic models to represent building
contents under two boundary conditions: freestanding and anchored; and two failure modes: sliding and overturning. A parametric equation is proposed to estimate content fragility parameters,
covering a wide range of contents in commercial buildings. And it is easy to adopt in the P58
framework. Further, this dissertation studies the effectiveness of restrainers to reduce content dollar
loss. As an illustrative example, the parametric equation for determining content fragility parameters is evaluated for its practical application by implementing it in a 4-story light wood frame office
building to estimate content loss using two risk metrics: vulnerability function and Average Annual
Loss (AAL). The content losses estimated using the parametric equation show good agreement with
that computed using the analytical solution from non-linear time history analyses. A quantitative
loss assessment is developed and used to estimate the losses for multiple mitigation scenarios by
anchoring different content types such as heavy items, expensive items, electrical appliances, furniture, or glassware to investigate content risk mitigation. It is found that restraining expensive
components was the optimal mitigation scenario, which resulted in 74% reduction in AAL compared
to freestanding contents. And decision-makers should design restrainers based on a combination of
block-like content and restrainer characteristics and loss protection.
In the second study, a probabilistic injury model is proposed; the proposed model adopts
the P58 framework for risk assessment and considers six injury severity levels (minor, moderate,
serious, severe, critical, and fatal), following the Abbreviated Injury Scale (AIS). Two sources of
injuries to occupants are considered: occupant-content impact and falling. The framework uses
an occupant-time location model and a set of building content fragility curves. The framework
evaluates the fatality and injury risk with five modules: seismic hazard analysis, structural analysis,
building collapse simulation, damage assessment caused by building and content components, and
injury severity assessment. The proposed model is implemented into two case studies of a 4-story
office building: a reinforced concrete moment frame and a steel moment frame. It is found that the
number of injuries depends on the intensity level of the earthquake where the frequency of injuries
resulting in hospitalization can be up to 30 times more than that of the fatal injuries at intensity
levels less than MCE level (Maximum Considered Earthquake, 50%/50year) and may amplify by
20 times at higher intensity shaking more than MCE level. Also, the minor, moderate, and serious
injuries resulted from shifted freestanding contents are higher than the anchored content. On the
iii

other hand, anchoring components did not affect the severe, critical, and fatal injuries because
building collapse will dominate.
The third study evaluates the influence of long duration ground motions on content losses.
During the writing of this dissertation, research on long duration ground motions mainly focused
on the impact of long duration on buildings’ collapse performance. Only a scant body of knowledge
exists on in the impact of earthquake duration on building non-collapse damage and, in particular,
contents damage. Consequently, this dissertation studied the influence of long duration earthquakes
on the seismic risk of steel moment frames with different heights (2- 4-, 8-, 12-, and 20-story). At
first, a modified version of FEMA P-695 ground motion scaling tailored for seismic loss estimation
purposes incorporating two sets of spectrally matched bi-directional short and long-duration ground
motions is proposed. A set of 25 long-duration and 25 short-duration ground motions are selected
and scaled using the proposed scaling approach. The results of incremental dynamic analysis (IDA)
show the long duration ground motions have a significant impact on collapse risk — on average
28.0% . After that, a component-based loss estimation framework (for building and content losses)
is used to predict seismic losses sustained by these buildings impacted by short- and long-duration
ground motions. The result shows building height has limited influence on both building and content
losses when subjected to either short or long-duration earthquakes. Seismic risk analysis reveals that
earthquake duration has a significant influence on the collapse risk while it influence on building and
content losses is less significant.
In summary, this dissertation fills the knowledge gap in predicting earthquake induced
content losses and injuries. Also, it evaluates the effectiveness of anchoring contents in buildings to
protect content from damage and protect occupants from content impact. The proposed models are
flexible and easy to integrate into current building-specific seismic risk frameworks.
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Chapter 1

Introduction
Seismic performance of structural and nonstructural components has been the subject of
research in terms of modeling and design. However, only a scant body of knowledge exists for
loss estimation of building contents, despite the fact that contents contribute a large ration of the
building’s total investment cost accounting for 20%, 17%, and 44% of total building cost in typical
offices, hotels, and hospitals, respectively (as shown in Figure 1.1) [1]. In addition to the significant
contribution of contents to building investment value, it has a crucial impact on property and
casualty loss will be discussed in the following sections

Figure 1.1: Typical investment in building construction
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1.1

Contents in dollar loss
One such notable event is the 1989, Loma Prieta earthquake (Mw =6.9) which resulted in

significant losses due to damage of building contents. Two libraries in San Francisco, each suffered
over a million dollars in damage due to overturning of bookshelves [2]. Another such example is the
1994, Northridge earthquake (Mw =6.7) leading to severe property damages and monetary losses
in Los Angeles. Total nonstructural components and contents damage was $9.3 billion which was
half of the total losses [3]. Whereas, in 2010, during the Chile earthquake (Mw=8.8) many of the
free-standing medical appliances overturned and broke which affected the hospital operation [4].
Seismic vulnerability of contents is largely associated to the intensity of shaking, that being
said, contents damage can be significant even at lower levels of earthquake shaking [5]. From
historical data, it is evident that the chances of lower magnitude of shaking is greater than that of
more intense earthquake shaking. During 2018 Anchorage Alaska Earthquake (Mw =7.1) and 2010
Darfield earthquake aftershock (Mw= 5.1), it was noticed that structural components suffered minor
damage, however, a substantial content damage was observed such as sliding of electrical components
and books [6, 7]. In 2014, South Napa Valley Earthquake (Mw= 6.0), 56% of total inspected buildings
suffered from content damage (minor, moderate, and major). Also, it is found that content was the
most common nonstructural component damage, where 50% of damaged nonstructural components
was contents. For example, in a 2-story RC building, the total content damage reached $15,000
from wine bottles and plates [8]. Considering these past observations, it can be concluded that
understanding the seismic performance of contents is of substantial value and can lead to lossprevention and improved public safety. One proven strategy for reducing content losses is to protect
contents by holding them down using restrainers. The most suitable restrainers for building contents
in commercial buildings are the base anchorage, such as rubber bands, rigid angle brackets with bolts
or other mechanical fasteners, and semi-flexible restrainers using wires or cables [3]. Efficiency of a
restrainer can be quantified within the seismic performance-based framework where building seismic
risk quantified via negative consequences usually through four steps: (1) probability seismic hazard
analysis, (2) building response analysis, (3) damage measure analysis, and (4) loss analysis [9, 10].
The first step is to quantify the seismic hazard for the location of interest using a representative
Intensity Measure (IM) (e.g., spectral acceleration or peak ground acceleration). There are several
ways to achieve this. One way is to select a group of ground motions needed for structural analysis
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Figure 1.2: Schematic representation of seismic performance based framework.
and systematically scale the IM of the ground motions to various hazard levels (or return periods).
The second step is to quantify the responses of the building under various level of earthquake
hazards. Example of typical building responses include story drift and peak floor acceleration.
These building responses are referred as the Engineering Demand Parameters (EDP). One way to
quantify the EDPs is to construct a structural model and use nonlinear time history analysis to
assess the dynamic responses of the building. The third step is to quantify the damage stages (DS)
of building components, which may include structural, non-structural and building contents, using a
fragility framework. Fragility function gives a probabilistic relation between damage and structural
response that can further assess in quantifying losses using different measures (dollar, casualty, and
downtime). The fragility function describes the conditional probability of the building component
(content) entering a specified Damage Stage (DS) (e.g. minor damage or complete damage). A DS
is reached when an EDP such as Peak Floor Acceleration (PFA) exceeds a predefined threshold.
Fourth and final step, find the consequences or losses (monetary loss, casualty, or downtime), where
each DS is associated with consequence function. These four steps can be solved using the total
probability theorem which considers the uncertainty in each step. The steps are summarized in
Figure 1.2.
A wide spectrum of research studies provided freestanding content fragility functions against
its major failure modes namely sliding and overturning; Some research works developed analytical
sliding and overturning fragility functions [11, 12, 13, 14, 15, 16, 17] using Nonlinear Time History
3

Analysis (NTHA) or so-called Incremental Dynamic Analysis (IDA) [18]where the Intensity Measure
(IM) of a set of ground motions is scaled up until failure occurs. The NTHA is only applicable to
a predefined range of deterministic parameters. However, the seismic response of contents relies on
many factors (occupancy type, content type, and restrainer condition) where using NTHA is not
practical [19].
Consequently, to avoid going through NTHA, FEMA P-58 (P58) [20] provided an online database known as the Performance Assessment Calculation Tool (PACT), which comprises
component-based fragility functions and consequence data. PACT content fragility database was
limited to 11 content components such as bookcases, cabinets, and desktop computers. This group
of components does not reflect all components inside different building occupancy types. P58 content fragility functions are based on ASCE 43-05 calculations for nuclear components. However,
several researchers highlighted the shortcomings of ASCE 43-05 equations in developing Contents’
fragility parameters: Dar et al. [21] compared the NTHA rocking response of rigid block with ASCE
43-05 equations and reported that ASCE 43-05 is non conservative, unreliable, uncertain at a wide
range of geometry, and unsuitable for vulnerability assessment. Moreover, Chidiac [22] compared
the NTHA sliding response of rigid block with ASCE 43-05 equations. Chidiac Stated that ASCE
43-05 is a conservative method at high values of the ratio between friction coefficient (µ) to the Peak
Ground Acceleration (PGA), but non conservative for low values of the same. Nonetheless, the
P58’s component-based framework can be extended to estimate the damage from contents if new
fragility and consequence functions are provided. In summary, all these existing options provide
limited guidance for engineers and risk managers to control content losses. Therefore, a generalized,
more robust fragility functions database that covers a wide range of commercial building contents
is needed.
In terms of restrained contents, limited research works focused on anchored contents: Garcia
and Soong [12] developed a sliding fragility function for anchored rigid block electrical components.
Contento et al. [23] developed dimensionless rocking fragility functions for anchored rigid blocks and
found the effectiveness of base isolation and pendulum mass damper based on the probability of
failure; however, the effectiveness of base anchorage in this study was lacking.
The developed fragility functions will then be used in estimating the content loss. Limited
studies were focused on estimating content losses based on analytical fragility functions; Reinso
et al. [24] presented a methodology for content loss estimation due a single failure mode which is
4

overturning. Jaimes et al. [25] did an extended study to [24] where he followed the same methodology
to find content losses but due multiple failure modes; sliding; overturning, sprinkler leakage; Tile
failure; Grid failure; and HVAC system failure. Jaimes et al. estimated the overall content loss
using a two-fold probabilistic approach. However, in both of these studies only one damage state
is considered, and losses were not related to building characteristics which limits its applications.
Jaimes and Candia [26, 27] discussed content risk for both sliding and overturning anchored electrical
equipment using the same methodology of [24]. However, in all these studies a NTHA has to be
performed in order to find rigid-block components losses.

1.2

Contents in life safety
Fatality and severe injuries that result in death are being studied and taken into account in

modern performance-based frameworks; however, many of these performance-based methodologies
fall short in terms of injury severity assessment. Experience from the previous earthquake events
shows that fatality and injury can result from building collapse; however, the majority of injuries
result from occupants being hit by building contents (falling or shifted objects) or falling on the floor.
55% of injuries from the 1994 Northridge earthquake (Mw = 6.7) were caused by falling objects, 22%
by people falling on the ground, and 15% by jumping out of windows or falling objects. On the other
hand, only 1% of injuries were caused by structural damage [28]. Also, 19% of injuries from the 1987
Whittier Narrows earthquake (Mw = 5.9) were associated with occupants falling on the floor and
50% with falling objects and wall hangings. In the 1989 Loma Prieta earthquake (Mw = 6.9), 55%
of injuries were due to falling on the floor, and 10% were caused by nonstructural components [29].
The seismic performance of structural and nonstructural components has been investigated in detail;
however, the seismic performance of contents is overlooked despite its importance. For instance, the
FEMA P-58 [30] provides fragility functions for a handful of building content components. These
fragility functions are in disconnect with the casualty consequence functions. Additionally, there
is no documentation of estimating such losses under future earthquakes. Limited studies discussed
content-triggered injury at the building level. Okada et al. [31] proposed a methodology to find
the probability of people getting injured due to furniture overturning using a binomial distribution model. The authors suggested four different situations of dealing with furniture risk in order
to consider the aleatory and epistemic uncertainty. However, Okada et al. considered one failure

5

mode, which is overturning, and did not classify the severity of injuries. Another work by Yeow [32]
developed a building-specific methodology to predict the number of injuries after earthquakes using
Monte Carlo Simulation (MCS). Yeow considered two failure modes (sliding and overturning) of one
damage state and classified injuries based on the Association for the Advancement of Automotive
Medicine, which was expressed as the Abbreviated Injury Severity (AIS) code. However, Yeow’s
framework is coordinate-based, and the user may need to provide the room layout and contents coordinate within the layout to predict the number of injuries. Any change in the content configuration
within the room will materially affect the results. Moreover, the detailed analysis is time-consuming.

1.3

Dissertation contribution and objectives
From the previous sections, it can be observed that there are some studies to deal with

freestanding contents and limited studies for anchored ones. However, a more practical and comprehensive approach is needed to develop fragility functions for both freestanding and anchored contents
subjected to multiple failure modes without going through NTHA each time. Also, a more robust
analysis is needed to estimate content risk and quantify the effectiveness of mitigation techniques
on contents dollar and casualty loss.
This research primarily studies building content performance through building specific seismic risk framework which involved (1) utilizing a numerical model to estimate freestanding and
anchored content sliding and rocking nonlinear response, (2) developing fragility and consequence
function for representative contents, (3) proposing a simplified expression to estimate content fragility
parameters. This simplified expressions are ready to use and add to current performance-based
frameworks such as FEMA P-58, (4) Implementing the developed fragility and consequence parameters through FEMA P-58 framework to derive building and content monetary loss functions, (5)
developing an injury probabilistic prediction framework considering injuries due to occupant falling
or hit by a content, (6) investigating the effect of long duration on building (structural and nonstructural components) and content damage and loss. The overarching research objective of the
current course of the study is fulfilled through three main tasks. The objectives of each task are
listed below:
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1.3.1

Seismic fragility assessment and risk mitigation of building contents
This task provides a detailed analysis for assessing content damage, loss, and protection to

better understanding of content performance. In this task, analytical fragility functions for rigid
block-type contents are developed based on nonlinear time history analysis of four dynamic models
to represent freestanding and anchored building contents with elastic-brittle restrainers considering multiple failure modes. The improvement of the fragility median quantifies the effectiveness
of restrainers. A simplified expression is proposed to estimate content lognormal fragility parameters based on a wide range of variables’ correlation between contents’ characteristics and restraint
strength. The proposed simplified expression is adopted in FEMA P-58 loss assessment framework
through a 4-story light-frame wood office building case study to estimate content dollar loss. To
further investigate content risk mitigation, a quantitative loss assessment was used for multiple mitigation scenarios by anchoring different content types such as heavy, expensive, electrical, furniture,
or glassware.

1.3.2

A probabilistic casualty model to include injury severity in risk
assessment
This task draws attention to the importance of extending the seismic casualty assessment

method by broadening the perspective on injury severity. To this cause, a probabilistic model is developed to predict fatalities and injuries due to earthquakes. The proposed model adopts the FEMA
P-58 framework for risk assessment and considers six injury severity levels (minor, moderate, serious, severe, critical, and fatal) according to the Abbreviated Injury Scale (AIS). The aforementioned
framework evaluates the casualty risk with five modules: seismic hazard analysis, structural analysis
and response evaluation (using incremental dynamic analysis), building collapse simulation, detailed
casualty assessment caused by structural, nonstructural, and content components of the building,
and injury severity assessment. The injury severity assessment module assumes two modes of injury:
occupants falling on the floor resulting in fatalities and injuries, and unstable building contents hitting occupants as a result of sliding or overturning. The framework uses an occupant-time location
model to predict the number of injuries. Also, this task proposes a mitigation procedure to reduce
the number of injuries. The proposed model was applied to two case studies of a moment-frame
office building furnished with 21 different content objects.

7

1.3.3

Ground motion duration effects on losses incurred to modern steel
moment frames
A modified version of FEMA P-695 [33] ground motion scaling tailored for seismic loss

estimation purposes incorporating two sets of spectrally matched bi-directional short and longduration ground motions is proposed. This approach is employed for incremental dynamic analysis
to quantify the seismic responses of a group of modern steel buildings with different heights (i.e., 2
to 20 stories). A component-based loss estimation methodology is adopted to predict seismic losses
sustained by steel moments frame buildings impacted by short- and long-duration ground motions.
These losses are expressed separately for the building (i.e., structural and nonstructural components)
and content following the insurance practice.

1.4

Dissertation organization
This dissertation is a collection of chapters which addresses the objectives discussed in

Section 1.3, along with a summary chapter and three appendices. Chapter two reviews content
seismic performance background for each of freestanding and anchored installation status. Chapter
three seeks the development of content fragility function due to two main failure modes: sliding and
overturning. This chapter also proposes a simplified expression to find content fragility parameters.
Additionally, it discusses the implementation of the FEMA P-58 framework to estimate content
dollar loss. Finally, this chapter investigates content risk mitigation for four different mitigation
scenarios based on the type of anchored components. The proposed model is implemented on a
4-story office building.
Chapter four presents the development of a probabilistic casualty model to include six
injury severity levels (minor, moderate, serious, severe, critical, and fatal). This chapter studies the
non-collapse risk mitigation of building contents through anchoring components against sliding. Also,
this chapter translates injuries into cost per different metrics. The proposed model is implemented
on a 4-story office building.
Chapter five studied the effect of ground motion duration on building collapse and loss.
Where it presented structural, nonstructural, and content dollar loss. The effect of duration is studied
on a group of steel moment frames of different heights from 2 to 20 stories. Finally, Chapter six
summarizes the key points of the proposed models and recommends future work to expand the
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current work.

1.5

Publications
Several publication resulting from this research presented in the dissertation and listed

below.
Peer-reviewed journals
• Majdalaweyh S., and Pang W. (2021). Empirical seismic fragility assessment and optimal risk
mitigation of building contents. Under review - Engineering Structures Journal. (Chapter3)
• Majdalaweyh S., Safiey A., and Pang W. (2022) Ground-motion duration effects on losses
incurred to modern steel moment frames. Under review (Chapter5)
Conference papers
• Majdalaweyh S., Pang W., and Safiey A. (2021) Seismic Injury Risk Mitigation of Sliding Rigidblock Contents. International Conference on Structural Safety and Reliability. (Chapter4)
• Pang W., Safiey A., Majdalaweyh S., Ziaei E., Rokneddin K., and Javanbarg M. (2020).
Ground motion duration effects on the seismic risk assessment of wood light-frame buildings.
World Conference of Earthquake Engineering. (Chapter5)
• Pang W., Majdalaweyh S., Safiey A., Rokneddin K., Prabhu S., Javanbarg M., and Ziaei
E. (2020). A probabilistic casualty model to include injury severity levels in seismic risk
assessment. World Conference of Earthquake Engineering. (Chapter4)
• Safiey A., Pang W., and Majdalaweyh S. (2019). Rethinking treatment of irreparability in the
context of performance-based earthquake engineering. Structural Congress. (Chapter5)
• Majdalaweyh S., Pang W., and Safiey A. (2019) Seismic vulnerability assessment of anchored
block type contents due to sliding and overturning. Canadian Conference of Earthquake Engineering. (Chapter3)
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Chapter 2

Background on content
performance
2.1

Freestanding building contents

2.1.1

Sliding
Several experimental or analytical studies have been conducted to derive the sliding equation

of motion and predict the maximum sliding displacement of freestanding rigid blocks. Also, some
studies focused on developing a freestanding rigid block sliding fragility curve:
• Garcia and Soong [3] developed a sliding fragility function for freestanding rigid blocks subjected to 90 synthetic earthquakes. The fragility was a function of friction coefficient, vertical
and horizontal ground acceleration. The Peak Horizontal Ground Acceleration (PHGA) is a
demand parameter. The damage states for sliding fragility were defined as the maximum sliding displacement with a limit of (25, 50, and 75) mm. They found that the maximum sliding
displacement increases with the increase of the ground acceleration and the decrease of the
friction coefficient. This study used a spectrum compatible synthetic earthquake, while the
vertical acceleration is normalized based on the horizontal acceleration, leading to conservative
results.
• Lupoi [34] developed sliding fragility curves empirically. The fragility function was a function
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of friction coefficient, horizontal ground acceleration, and duration of the fundamental pulse.
Lupoi validated of lognormal distribution of the fragility function fitting.
• Chaudhuri and Hutchinson [13] developed analytical fragility curves for freestanding laboratory
equipment on ceramic benches. They used the cascade analysis on a stiff RC and two flexible
steel buildings to find the response of the equipment to 22 ground motions, while the vertical
acceleration was neglected. Chaudhuri and Hutchinson studied the uncertainty of the frictional
coefficient behavior in terms of static and dynamic friction coefficient, and they found out that
the fragility function of the deterministic values of friction coefficient is very close to the
fragility curves of Gaussian distributed mean values. In addition that, the fragility curve is
not sensitive to the ratio of the static to kinetic friction coefficient. It was also concluded that
the deviation of the response increases when the friction coefficient increases.
• In this study [35], fragility curves are developed using analytical analysis for laboratory instruments of one Reinforced Concrete (RC) and eight Steel Moment Resisting Frames (SMRF)
subjected to 22 ground motions at different hazard levels. Hutchinson and Chaudhuri studied
the effect of the hazard level on the building response and the impact of building response
on the equipment’s response. This paper presented a simplified procedure to find fragility
function parameters of PHGA as a demand parameter with respect to the maximum sliding
displacement as damage measure.
• Konstantinidis and Markis [36] experimentally studied the response of freestanding laboratory
equipment. The maximum sliding displacement of the equipment was 60cm. The experimental
results were used to validate numerical models in MATLAB and Working Model. MATLAB
numerical model response with elastoplastic friction coefficient behavior closely matched the
experimental results. Then, a dimensional analysis to provide a dimensionless fragility function
was conducted.
• Konstantinidis and Markis [37] studied the sliding response of freestanding laboratory equipment by quarter-scale shaking table test of wooden blocks and analytical modeling using
Working Model 2D. The maximum sliding displacement from the shaking table test was 70
cm.
• Konstantinidis and Nikfar [15] studied the sliding response of electrical equipment in a base
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isolated building subjected to 20 broadband ground motions (long period, long duration, and
near-fault) with various friction coefficient values. It has been found that base isolation is an
excellent technique to reduce the response of electrical components, especially at low friction
coefficient values and high-intensity measures. Then, a dimensional analysis to provide a
dimensionless fragility function was conducted.
• Nikfar and Konstantinidis and Nikfar and Konstantinidis [38, 39] studied the response of
electrical components on wheels or casters in hospitals (fixed base and base-isolated). A full
shaking table test is conducted using 96 shakings. The authors found that the maximum
displacement depends on the orientation of the component and the intensity level. In this
study, experimental fragility functions are provided with PHGA as EDP. Also, an analytical
fragility function is developed with different damage states; the damage measures were the
maximum peak sliding displacement and maximum peak relative velocity.

2.1.2

Rocking
Several studies experimental or analytical have been conducted to derive the rocking equa-

tion of motion and predict the rocking angle of freestanding rigid blocks. Also, some studies focused
on developing freestanding rigid block rocking or overturning fragility curves:
• Yim et al.[40] studied the effect of block dimensions, size, impact energy, and ground motion
characteristics on block overturning from a probabilistic point of view. It has been concluded
that; the probability of overturning increases with the increase of the slenderness ratio, increase
of the intensity of ground motion, and the decrease of size. On the other hand, the coefficient
of restitution and vertical ground acceleration do not systematically affect the probability of
overturning.
• Zhu and Soong [14] studied the effect of size, aspect ratio, coefficient of restitution, and ground
motion acceleration on the fragility and reliability functions. It is found that the smaller the
block size, the more vulnerable the block is.
• Shao and Tung [41] developed analytical overturning fragility functions for freestanding rigid
blocks subjected to 50 pairs of horizontal and vertical acceleration at different values of radius
(R), aspect ratio (Width/Height), and scale factor. They found out that the probability of
12

overturning will increase with the decrease of aspect ratio and radius. Also, they concluded
that the overturning likelihood of failure is insensitive to vertical acceleration. The demand
parameter was the ground acceleration.
• Fierro et al. [42] found the probability of overturning for freestanding rigid blocks analytically
using the Working Model. The authors concluded that narrow bases increase the likelihood of
overturning independent of the height. Additionally, a high PGA level is required to overturn
most unanchored objects on the ground level. The authors suggested anchoring objects with
a narrow base (aspect ratio less than 0.3) or buying objects with a wider one.
• Abadi et al. [43] develop overturning fragility function for freestanding rigid blocks in terms
of object dimensions (width, height, and thickness) and object story-level. The authors in this
paper presented a methodology to estimate the maximum impact shock due to rocking; this
method would assist in ensuring the operability of critical contents after earthquakes.
• Purvance et al. [44] performed an analytical and experimental study on the overturning of
freestanding rigid blocks. The analytical analysis was performed on symmetric and asymmetric
blocks subjected to 1440 synthetic records; then, the fragility functions were developed with
respect to different intensity measures: PGA/PGV, and Sa/PGA. After that, the analytical
fragility functions are validated with shaking table tests. The results showed the agreement
between empirical and analytical fragility functions, highlighting the adequacy of this study’s
numerical model.
• Dimitrakopoulos and Paraskeva [45] developed a dimensionless-orientation less fragility functions for rocking freestanding slender rigid blocks subjected to near-fault ground motions with
respect to three damage states (rocking initiation, limited rocking, and overturning). The
engineering demand parameters are peak rocking rotation over the block aspect ratio. The
authors developed univariant and bivariant fragility functions where the bivariant was superior
over the latter.
• Linde [16] studied the response of freestanding rocking-dominated contents in fixed base and
base-isolated hospital buildings subjected to broadband ground motions. Then, Linde developed a set of fragility functions based on dimensionless intensity measures.
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• Petrone et al. [17] evaluated the seismic response of freestanding rocking objects numerically
using MATLAB and SAP2000 subjected to near-fault and far-fault excitations and validated
the model by testing two hospital cabinets. Petrone et al. studied the most efficient intensity
measure (IM) and the effect of different parameters on the fragility functions. It has been
concluded that for small blocks, the PGA is the most efficient IM; however, for larger blocks
(R > 2) is the PGV. Petrone et al. also found that the median IM values vary from near-fault
to far-fault.
• Sarno et al. [46] performed a shaking table test on hospital cabinets filled with contents
and studied the response of the cabinet itself and the response of contents inside the cabinet
subjected to unidirectional and bidirectional excitations. The experimental onset rotational
angle due to rocking is 0.012 and 0.014 rad, and at severe damage is 0.043 and 0.05 rad. Then,
the authors numerically developed dimensionless fragility function based on PGA, PGV, and
the cabinet rotational angle. The results of this paper showed that rocking depends on cabinet
size, not the content inside. And rocking is independent of the nature of loading; however,
overturning is dependent on the nature of loading.

2.1.3

Sliding and rocking
Some papers studied both sliding and overturning response and fragility development:

• Zolfaghari [47] developed a set of analytical sliding and overturning fragility curves for freestanding rigid blocks, representing a set of contents in a surgery room. An NTHA was conducted using Working Model 2D. They considered both horizontal and vertical ground acceleration of 20 ground motion records and assumed the friction coefficients of the blocks are 0.001
for contents on wheels, and 0.5 for contents without wheels.
• Sarno et al. and Consenza et al. [46, 48] implemented a full shaking table test on a representative layout of a hospital room with a set of contents (cabinet, desktop computer, and
desk) with different mass distribution subjected to 63 shaking records. Three damage states
were observed from the testing and described the experimental damage of contents. They also
developed fragility curves using the peak floor acceleration as a demand parameter for the
damage states.
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• Shi et al. [49] performed a shaking table test on base-isolated RC four-story hospital subjected
to long-duration and near-fault ground motions to study the response of operating room contents. The aspect ratio range for content is (1.1-2.3), and the friction coefficient range is
(0.05-0.4). Shi et al. found that the behavior of locked wheels contents is different from the
unlocked wheel’s contents. In fixed-base building, no serious disorder is found under longduration excitation. However, severe disorder was noticed under near-fault excitation, which
is not the case for base-isolated building.
• Pujols and Ryan [19] performed a shaking table test to develop fragility functions for content
disruption. The authors tested the response of unanchored office and hospital contents and
developed fragility functions with respect to two intensity measures (PGA and PGV) with
five damage states. The description of damage states based on observation of content sliding,
rocking, falling, and rolling. This paper provided empirical fragility functions for content
disruption; however, these are limited to the testing cases. Therefore, further development is
needed in this manner.

2.2

Anchored building contents
Dimentberg et al. [50] derived the sliding motion and studied the anchored rigid block

response that resembled computer equipment. The rigid blocks are anchored with two elastic ties
subjected to both vertical and horizontal acceleration. The damage state is the anchor breakage.
The author developed the reliability functions for particular friction coefficients at different ground
motion characteristics.
Garcia and Soong [51] developed a sliding fragility function for anchored rigid blocks subjected to 90 synthetic earthquakes. The rigid block is anchored by four symmetrical post-tensioned
cables. The fragility curve was a function of friction coefficient, anchor strength ratio, system equivalent period, vertical ground acceleration, and horizontal ground acceleration. The PHGA was used
as a demand parameter. The damage states for sliding fragility were defined as the anchor breakage and the maximum absolute acceleration. They found that the maximum sliding displacement
increases with the increase of the system period, the increase in vertical to horizontal acceleration,
and the decrease of the friction coefficient and strength ratio.
Konstantinidis and Markis [36] developed an analytical model for anchored blocks rocking
15

under horizontal pulse-type motions. They studied two types of restrainers elastic-brittle and elasticplastic behavior. They investigated the effect of anchor bolts ductility on the nonlinear behavior of
rocking. The authors found that at high acceleration levels anchored blocks survived overturning
compared with freestanding ones. Also, the stronger the restrainer, the high acceleration required
to overturn the block.
Dimitrakopoulos and DeJong [52] studied the response of anchored rigid blocks. The rigid
blocks were anchored with tendons of two restraints at each corner. Then, the authors compared
the response with viscously damped blocks.
Contento et al. [23] developed dimensionless overturning fragility function for anchored rigid
block and found the effectiveness of two safety devices (base isolation, and pendulum mass damper),
however, the effectiveness of simple restrainers is not provided.
All these papers discussed above focused either on developing fragility function or on the
methodology of deriving the equation of motion; however, no one provided engineers and risk modelers ready to use fragility function parameters that can be used in seismic performance-based design.
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Chapter 3

Empirical Seismic Fragility
Assessment and Optimal Risk
Mitigation of Building Contents
[Summary] Despite the content seismic losses in the past two decades, the overall effectiveness of restrainers to contents has not been thoroughly investigated. In this chapter, analytical
fragility functions for rigid block-type contents are developed based on nonlinear time history analysis
of four dynamic models to represent freestanding and anchored building contents with elastic-brittle
restrainers considering multiple failure modes. The effectiveness of restrainers is quantified by the
improvement of the fragility median. On the basis of a wide range of variables’ correlation between contents’ characteristic and restraint strength, a simplified expression is proposed to estimate
content lognormal fragility parameters. The proposed simplified expression is adopted in FEMA
P-58 loss assessment framework and evaluated through a case study of a 4-story light-frame wood
office building to estimate content dollar loss. To further investigate content risk mitigation, we
used a quantitative loss assessment for multiple mitigation scenarios by anchoring different content
types such as heavy, expensive, electrical, furniture, or glassware. It is found that elastic-brittle
restrainers are more effective for rigid systems than flexible systems, and decision-makers should
design restrainers based on a combination of block-like content and restrainer characteristics for
efficient protection and life safety. For the case study, anchoring expensive components was the
17

optimal mitigation scenario, which resulted in 74% reduction in the average annual losses compared
to freestanding contents.

3.1

Introduction
This chapter addresses some of the critical issues: (1) improve content fragility development

for both freestanding and anchored contents subjected to multiple failure modes and expand the
existing content fragility and consequence database; (2) provide a thorough walk-through of contents
risk assessment approach; (3) discuss the possible and optimal risk mitigation scenarios through
content financial loss disaggregation and integrated loss figures such as loss function and annual
average loss.
This chapter proposes a simplified expression to predict fragility parameters of block-like
components. The interest of this work is block-like building contents in commercial buildings.
This simplified expression covers a comprehensive content database for a wide range of content
characteristics and restraint strength. The proposed expression characterizes the lognormal median
and dispersion of contents’ fragility function where the PFA is used as an IM. The resulted fragility
functions can then be used to quantify the effectiveness of restrainers as compared with freestanding
contents in terms of fragility median improvement. The simplified expression is useful to assess
content losses and study the effectiveness of anchorage in the context of losses. Fragility functions
are employed in the P58 loss assessment framework through a case study of a 4-story light-frame
wood office building. It is worth mentioning that different content types (expensive, heavy, furniture,
and fragile) are anchored separately or together to predict the best mitigation scenario.
This chapter is organized after the introduction as follows. In the first part “Fragility
assessment”, an explanation of the fragility derivation and simplified expression development. In
the second part “Loss assessment”, a discussion on the content consequence functions, losses, and
mitigation. Finally, a “Case study” is presented as an application for the presented methodology.

3.2

Fragility Assessment
The primary focus of this chapter is on analytically developed fragility functions of selected

contents defined in terms of the conditional probability of content damage due to multiple failure
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modes; overturning and excessive sliding. In this study, building contents are modeled as rigid blocks
and the fragility functions for contents are developed by solving the nonlinear dynamic models of
rigid blocks with and without restrainers (anchorage devices) considering sliding and rocking. Several
past studies [53, 3] have shown that Peak Horizontal Floor Acceleration (PHFA) correlates well with
contents’ damage probability. Thus, PHFA is used as an intensity measure for the content fragility
curves.

3.3

Dynamic Models for rigid blocks with or without restrainers
Housner [54] and Newmark [55] proposed the first freestanding rocking and sliding dynamic

model, respectively. Some literature exists on the sliding and rocking dynamic models for freestanding blocks [56, 57, 58, 41]. On the other hand, the studies on restrained rigid blocks dynamic
response are limited to a few. Garcia and Soong [51] studied the sliding response of anchored rigid
blocks with post-tensioned cables and the rocking response of anchored rigid blocks with restrainers
was studied by [59, 60].
In this chapter, contents are modeled as rectangular rigid blocks (Fig. 1a) with a weight
(W), a height (h), and a width (b) resting on a horizontal surface, subjected to horizontal and
vertical ground motions denoted as x¨g (t) and y¨g (t) respectively. The restrainers are assumed to
have an elastic-brittle behavior as shown in Figure 3.1d.

3.3.1

Sliding model
A schematic of the freestanding and anchored sliding block is shown in Figure 3.1b and

Figure 3.1e, respectively. The variable x denotes the relative motion between the center of the
content and the supporting surface (e.g. floor). Adopting a surface-block simple coulomb-type
friction model, the equation that governs the nonlinear dynamic sliding response of anchored block
is as follows [12]:

ẍ(t) + µ[g + y¨g (t)]sgn[ẋ(t)] +
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gFu
x(t) = −x¨g (t)
W xu

(3.1)

Figure 3.1: Content representation as a rigid block: (a) rigid block scheme, (b) sliding of the
freestanding rigid block, (c) rocking of the freestanding rigid block, (d) brittle elastic behavior of
restrainers, (e) sliding of anchored rigid block, (f) rocking of anchored rigid block.
where, ẍ(t), ẋ(t), and x(t) are the relative acceleration, velocity, and displacement response
of the rigid block, respectively. Fu is the restrainer’s ultimate strength, g is the gravitational
acceleration, and sgn[ẋ(t)] is the signum function. The block starts to slide once the normalized
inertial force |xg (t)| (normalized by the mass of the content) exceeds the normalized friction force
µ[g + y¨g (t)]. Equation 3.1 is only valid prior to the breakage of the restrainer when the sliding
displacement x exceeds the ultimate or rupture displacement xu . The rupture displacement can be
defined by:

xu = σg(

where Teq = 2π

q

m
Keq ,

Teq 2
)
2π

(3.2)

the natural period of the system in the absence of friction, Keq is the

total stiffness of the system, and σ =

Fu
W

which is defined as the strength ratio which is the ultimate

strength of the restrainer normalized by the weight of the content. When the restrainer breaks, the
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equation reduces to the freestanding nonlinear block response (Figure 3.1b):

ẍ(t) + µ[g + y¨g (t)]sgn[ẋ(t)] = −x¨g (t)

(3.3)

According to the normalized equation of motion shown in Equation 3.1, the sliding response
of an anchored rigid block depends on three variables, namely, µ, σ, and xu whereas the freestanding
sliding response of a rigid block given in Equation 3.3 depends only on one variable, namely the
friction coefficient, µ.

3.3.2

Rocking model
A schematic of the rocking block is shown in Figure 3.1c and Figure 3.1f. The block starts

to rock when the overturning moment induced by the horizontal inertia force exceeds the sum of the
restoring moment produced by the weight of the block and the moment due to vertical inertia force.
After the initiation of rocking, the block will continue to rock until the rotational angle θ exceeds
the overturning stability angle α which is equal to arctan(γ) where γ is the slenderness ratio defined
as width to height ratio. The nonlinear dynamic model for rocking motion is given below [53]:

ϑ̈(t) = −p2 {sin[αsgn[ϑ(t)](1 +

y¨g (t)
x¨g (t)
3σgsinα2
)+
[cos[αsgn[ϑ(t) − ϑ(t)] +
sinϑ(t)f (ϑ)} (3.4)
g
g
2bϑu p2

where ϑ̈(t) and ϑ(t) is the angular acceleration and the rotation angle of the block, p is the
q
p
3g
frequency factor, which is equal to 4R
, and R is the block radius, which is equal to 0.5 (b2 + h2 ),
sgn[ϑ(t)] is the signum function. ϑu is the ultimate or the rupture rotational angle for the restrainer.
f (ϑ) is the fracture function defined as follows:
f (ϑ) =

1

ϑ(t) ≤ ϑu

0 ϑ(t) > ϑu
According to this model, the rocking response of anchored rigid blocks depends on α or γ, R,
σ, and ϑu . The freestanding rocking response of the block can be represented by Equation 3.4 when
f (ϑ) equals to zero and it depends on α or γ,and R. In order to encounter for the conservation of
angular momentum, the coefficient of restitution, is needed. The maximum coefficient of restitution
2

considered as (1 − 32 sinα2 ) [53].
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3.4

Failure mechanism
Three mutually independent and sequential damage states are considered:
(1) DS1 as a result of: restraint breakage which results in the need to repair or replace

the restraint. However, it is assumed that the content itself is undamaged in Damage State 1
(DS1). The main postulate of the sliding dynamic model is that the restraint breaks when the
absolute maximum block displacement |x|max the rapture displacement xu . In the case of the
rocking model, the restraint breaks when the absolute maximum rotational angle |ϑ|max exceeds the
rapture rotational angle ϑu .
(2) DS2 as a result of: (i) Excessive sliding when the absolute max sliding displacement
exceeds a threshold displacement (xthreshold ). The displacement threshold depends on the type of
content as well as the occupancy type. For example, the threshold displacement for bench-mounted
equipment defined as the displacement where the equipment slide, fall off and get damaged. Different
studies performed experimental and analytical studies on bench-mounted laboratory equipment [11,
13, 35, 37, 61, 36]. It was found that concluded that the displacement threshold for bench mounted
laboratory equipment in the range of [5-10]cm at µ being between [0.2-0.45]. Large relative sliding
displacement can have multiple consequences.
Efforts were made to study the response of medical appliances and hospital contents experimentally and analytically in both fixed base and base-isolated buildings under different ground
motions [62, 49, 63, 19, 38]. Medical appliances and some hospital contents (desks, cabinets, drawers,
beds and lockers) general sliding displacement is between [0.03-1] m at µ range of [0.1-0.6], and for
wheeled components it ranges between [0.1-3.6] m at µ range of [0.03-0.08]. Limited studies were
on office or residential contents, Yeow et al. 2018 [32] performed experimental testing on the office
type furniture friction coefficient on carpet and vinyl flooring. Yeow et al. reported that the static
friction coefficient is between 0.13-0.3, and 0.07-0.13 for content on wheels on carpet and vinyl flooring, respectively. Additionally, the static friction coefficient is between 0.36-0.45, and 0.39-0.45 for
content without wheels on carpet and vinyl flooring, respectively. Consequently, the general sliding
displacement range was [0.04-0.45] m. In case of office contents such as desks, cabinets, and drawers:
(1) It may result in tearing off power cords and plugs which can be crucial for medical equipment,
(2) It may result in linear collision among the contents, and (3) It may result in blockage of egress
routes and doors. Accordingly, in this chapter, a range of displacement thresholds is selected to
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represent different scenarios.
(ii) Overturning of a rigid block occurs when the absolute ratio of the rotational angle
exceeds the overturning stability angle.
Table 3.1 lists the failure mechanism for multiple failure modes and limits states. More
details will be discussed in the sections that follow.
Table 3.1: Failure mechanism for content multiple failure modes

3.5

Failure Mode
Sliding

Installation Status
Unanchored
Anchored

Damage States
DS1 only
DS1 and DS2

Rocking

Unanchored
Anchored

DS1 only
DS1 and DS2

Description
DS1: |x|max ≥ xu
DS1: |x|max ≥ xu
DS2: |x|max ≥ xthreshold
DS1: |ϑ|max ≥ α
DS1: |ϑ|max ≥ ϑu
DS2: |ϑ|max ≥ α

Rigid block variables and response
In this study, a freestanding block-like content and its interaction with the supporting surface

are characterized using three parameters which are as follows: (1) slenderness ratio, γ ranges from
slender content (0.1) to square-shape content (1.0) with a step size of 0.1; (2) friction coefficient,
µ ranges from low friction surface (0.05) to high friction surface (0.7) with a step size of 0.05 to
represent different types of building contents on different surfaces; and (3) block radius represents the
content size, R, ranges from 0.1 to 1.0 m at 0.1m intervals. Two additional parameters are required to
describe the characteristics of a restrained or anchored content: strength ratio σ (restrainer strength
to content weight), and natural period Teq . A survey of actual contents and typical anchors indicates
that the strength ratio ranges from 0.1 to 10, with a low natural period of 0.05 seconds (rigid) and 0.2
seconds (flexible). These variables are considered mutually independent and summarized in Table
3.2. It is worth to mention that contents are assumed to be insensitive to acceleration.
These variables are implemented in the aforementioned dynamic models and subjected to a
group of ground motions scaled at horizontal PGA from 0.05 to 4 with a step size of 0.05, then the
nonlinear dynamic models are solved numerically using MATLAB R2019 function (ODE45). In this
study, FEMA P695 bi-axial 22 pairs of far-field ground motion set from the PEER NGA database
is used [64]. In order to remove the unwanted variability from magnitude, site source distance, and
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Table 3.2: Parameters for anchored and unanchored rigid block contents.
Comp.
Rigid block

Restrainer

Variables
Slenderness ratio, γ
Friction coefficient, µ
Block radius, R (m)
Strength ratio, σ
Natural period, Teq (sec.)

Values range
[0.10-1.0]
[0.05-0.7]
[0.10-1.0]
[0.10-10.0]
[0.05,0.2]

Figure 3.2: Sliding and rocking response for 3-shelves bookcase: (a) horizontal and vertical ground
acceleration of 1994 Northridge ground motion at Beverly Hills station scaled to 0.3g; (b) sliding
and rocking response of freestanding and restrained bookcase.
others but maintain the inter-record variability, records are normalized by its peak ground velocity.
Figure 3.2 shows a sample response of a block representing a three-shelves bookcase with a
height of 1 m, width of 0.3 m, and a weight of 0.5 kg resting on vinyl flooring with µ = 0.30. The
restraint Fu is 40% higher than the bookcase weight to give a σ of 1.4, giving a Teq of 0.05 seconds.
The bookcase is subjected to the 1994 Northridge earthquake at Beverley Hills station, assuming the
PGA equal to PHFA. Fig. 2a presents the horizontal and vertical ground acceleration scaled to 0.3
g. Figure 3.2b presents the freestanding and restrained block response. The figure emphasizes the
effectiveness of the restrainers in this case; first, for the sliding response, the restrained bookcase did
not start sliding at 0.3 g while the freestanding bookcase moved for 11 cm. Second, in the rocking
response, the restrainer prevented the block from overturning.
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3.6

Fragility development and fitting
A number of 4.2 million nonlinear dynamic analyses (IDA) are conducted to derive content

fragility functions for the range of parameters aforementioned in Table 3.2. The conditional probability of failure is calculated using Monte-Carlo Simulation (MCS) as the ratio of the simulations
that failed to the total number of simulations. Figure 3.3a shows the IDA response of freestanding
bookcase to sliding and rocking, and the corresponding fragility functions based on a prescribed
damage state. The sliding fragility function is derived for a sliding threshold of 0.3 m as damage
state, and the rocking fragility curve is developed for overturning damage state. Furthermore, Figure
3.3b presents the anchored bookcase IDA response and associated fragility functions. These fragility
functions are derived for restraint breakage damage state.
Lognormal distribution fragility fitting is the most common distribution for most structural
and non-structural components [65, 63]. Therefore, the content probability of failure is fitted to
lognormal distribution where the parameters of the fragility function (median and dispersion) are
derived using the Maximum Likelihood Estimation (MLE).

3.7

Simplified expression development
Content fragility functions can be developed using IDA, but for simplicity and applicability,

generalized fragility functions are preferable as they represent a wide range of most common contents. The generalized fragility functions are expressed by the median (θ) and dispersion (β) of the
lognormal distribution. To understand the relationship between θ(DS2) and the models’ variables
(µ, R, α, sigma, DM , and Teq ), the correlation matrix is presented in Figure 3.4. In this figure,
the variables: µ, R, α, sigma, DM , in both freestanding and anchored blocks, show a positive
correlation with the fragility median where the correlation factor (ρ) larger than one. However, the
natural period shows a negative correlation ( ρ < 1). The strongest correlation in sliding model is µ.
When µ increases, the fragility median will increase, which indicates that there is a lower probability
of exceeding the sliding limit. The strongest correlation for the rocking model is the overturning
stability angle α, such that when α increases, the probability of overturning decreases.
Based on the correlation matrix, the median and standard deviation values are fitted into
a surface function (second-degree polynomial function) using MATLAB R2019 nonlinear regression
function [66]. Table 3.3 presents the proposed equations for freestanding blocks along with the
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Figure 3.3: Bookcase response to different PHFA levels: (a) freestanding bookcase response and
fragility functions at sliding threshold of 0.3 m or overturning; (b) anchored bookcase response and
fragility functions when the restraint breaks
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Figure 3.4: Correlation matrix between fragility curve median and models’ independent variables
corresponding R2 and Root Mean Square Error (RM SE). The proposed equations for anchor
dynamic models are presented in Appendix A. Based on the problem complexity, the equations are
divided into different cases where linear interpolation is valid.
To compare the accuracy of each equation, a comparison is made between the predicted
values (proposed) and the analytical values (IDA based) for the sliding and rocking models in
Figures 3.5. Figure 3.5a and b show the values of analytical versus predicted for the sliding and
rocking model at both natural periods of 0.05, and 0.20 seconds, respectively. The first column of
both Figure 3.5(a and b) presents the median values and the second column presents the dispersion
values. The figures, and R2 values show that the equations give a good prediction to median and
dispersion values.
The top two plots in Figure 3.6 and Figure 3.7 present the predicted and analytical values
for a range of µ , and at range of γ, respectively. The median fragility values for rigid periods (Teq
= 0.2 sec) is lower than the flexible periods. And the median values for freestanding contents is
lower than anchored. While, the bottom two plots of Figure 3.6 present the predicted and analytical
sliding fragility functions for µ =0.2 at all damage states and at 0.05 sec. and 0.20 sec. equivalent
period when DM equal to 0.1 m. The bottom two plots of Figure 3.7 present the rocking fragility
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Table 3.3: Proposed equations of the median (θ) and dispersion (β) for freestanding block
M odel
Sliding
Rocking

Equation
θ = −0.13 + 2.97µ + 3.25DM − 1.69µ2 + 1.08DM µ − 2.39DM 2
β = 0.44 − 1.04µ + 0.76DM + 0.97µ2 − 0.47DM µ − 0.72DM 2
θ = 0.79γ + 0.05R + 0.56γ 2 + 1.47Rγ − 0.16R2
β = −0.04 + 0.29γ + 0.74R − 0.19γ 2 − 0.26Rγ − 0.26R2

R2
0.992
0.941
0.998
0.937

RM SE
0.0485
0.0288
0.0307
0.0255

Figure 3.5: Predicted and analytical median and dispersion for (a) sliding model equations; (b)
rocking model
functions for γ =0.6 and R = 0.2m at all damage states and at 0.05 sec. and 0.20 sec. equivalent
period.

3.7.1

Restraint effectiveness with respect to rigid block characteristics
The effectiveness of restraints depends on content characteristics (µ, γ, andR), restraint char-

acteristics σ, the equivalent period (Teq ), and damage measure. To study the efficiency of restrainers,
the ratio of anchored fragility median to the freestanding fragility median at DS2 ”Effectiveness Ratio (λ)” is calculated. When λ is less than or equal to one, it means that the restrainers are
ineffective. The effectiveness ratio corresponds to different parameters and is simply calculated from
the proposed equations. The effectiveness ratio aids designers to decide on the required restraint
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Figure 3.6: Equation validation, sample comparison between the predicted and analytical median
and dispersion at equivalent period of 0.05 sec and 0.2 second of sliding model.

Figure 3.7: Sample comparison between the predicted and analytical median and dispersion at
equivalent period of 0.05 sec and 0.2 second of rocking model.
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capacity for a wide range of rigid-block components (contents) as will be explained in the following
two examples.
Example 1. Consider a sliding rigid block with 0.1 ≤ µ ≤ 0.7, equivalent period (0.05, and
0.2) seconds, 0.1 ≤ σ ≤ 6 , and DM of 0.05m for slight sliding and 0.5 m for excessive sliding.
The parameter λ is presented in Figure 3.8 for each of the combinations of these variables. In all
four plots of this figure, the combination of parameters related to the shaded areas shows that λ
is less than one. This indicates that restrainers will not improve the sliding freestanding fragility
functions. Notice from Figure 3.8(a) and Figure 3.8(b) that λ for rigid systems (Teq = 0.05sec.)
is more amplified for a wide range of parameters when σ ≥ 0.4 compared with flexible systems
(Teq = 0.20sec.) in Figure 3.8(c) and Figure 3.8(d).

Figure 3.8: Contour for effectiveness ratio: (a) slight sliding (DM = 5 cm) for rigid system (Teq =
0.05sec.); (b) excessive sliding (DM = 50 cm) for rigid system; (c) slight sliding (DM = 5 cm) for
flexible system (Teq = 0.20sec.); (d) excessive sliding (DM = 50 cm) for flexible system.
Example 2. Consider a rocking rigid block with 0.2 ≤ γ ≤ 1.0, equivalent period (0.05, and
0.2) seconds, 0.1 ≤ σ ≤ 6, R of (0.1, 0.5, and 1.0) m, according to these parameters, λ is presented
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in Figure 3.9. As shown in Figure 3.9(a) and Figure 3.9(b), in rigid systems for small and medium
blocks at all range of γ, designers should choose restrainers with σ ≥ 0.4. On the other hand, in case
of flexible small blocks, the restrainers should have a σmin of one as shown in Figure 3.9(d). Also,
comparing the diagrams from the first row with the second row, λmax for rigid systems is ∼
= (4 − 5),
but λmax for flexible systems is ∼
= (2-3), respectively. Which emphasize that the amplification of
the effectiveness ratio is higher in rigid systems comparing with flexible systems.

Figure 3.9: Contour of rocking effectiveness ratio: (a) small size content (R = 10 cm) for rigid
system (Teq = 0.05sec.). (b)Medium size content (R = 50 cm) for rigid system; (c) big size content
(R = 1 m) for rigid system; (d) small size content (R = 10 cm) for flexible system (Teq = 0.20sec.);
(e) medium size content (R = 50 cm) for flexible system; (f) big size content (R = 1 m) for flexible
system.
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3.8
3.8.1

Loss Assessment
Content consequence and loss functions
The content loss function is defined as a function of loss ratio with respect to the spectral

acceleration intensity at a given period of vibration with a 5% damping. The loss ratio is the normalized repair cost to the total replacement value. In this chapter, the four integrated steps of the
PBEE framework are solved to find the loss function using a MATLAB toolbox called Apocalyptic
Structural Assessment Program (ASAP) developed and adopted from previous studies [67, 68, 69].
The first step is to quantify the seismic hazard for the location of interest using a representative
IM. The second step is to quantify the responses of the building under various levels of earthquake
hazards. These building responses are referred to as the Engineering Demand Parameters (EDP).
One way to quantify the EDPs is to construct a structural model and use nonlinear time history
analysis to assess the dynamic responses of the building. The third step is to quantify the damage
stages (DS) of building components, which may include structural, non-structural, and building contents, using a fragility framework. Finally, find the consequences or losses (monetary loss, casualty,
or downtime), where each DS is associated with a consequence function. These four steps can be
solved using the total probability theorem which considers the uncertainty in each step.
ASAP framework follows FEMA P-58 recommendations where an array of loss scenarios
is generated using four MCS modules and each scenario is called a realization. Each realization
initiates with checking the ‘collapse state’ of the building using the collapse fragility curve obtained
from building IDA. If the building collapsed, the content loss is the total content replacement cost
(RC). If the realization resulted with no collapse, a detailed loss estimation is conducted to find the
non-collapse losses. Accordingly, the content loss due to different failure modes, namely sliding and
rocking, is estimated based on the fault tree model shown schematically Figure 3.10. This figure
illustrates a sample fault tree model used to find content loss, the first two plots are the sliding
and rocking fragility functions respectively for both freestanding and anchored components with
µ = 0.40, σ = 1.0, γ = 0.6, R = 0.2 m and Teq = 0.05 seconds. The figure also shows content
consequence functions for different content categories; furniture, electrical and fragile items, where
the x-axis presents the ratio of damage cost to content value.
Based on engineering judgment, the content consequence function is assumed to be normally
distributed with damage ratio as the median, and 20% variance in order to define the uncertainty
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Figure 3.10: Fault tree model for content loss
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of components’ repair cost. Content damage due to overturning or sliding is relative to the damage
state. As explained, in this study (see Table 3.1), it is assumed that each component has three
damage states if anchored (DS0, DS1, DS2) and two damage states if freestanding (DS0, DS2). In
this study, the damage ratio is the maximum damage the component suffers after an earthquake
shaking. In the case of DS1, the damage ratio is the restrainer replacement cost ratio for all anchored
components. In the case of DS2, the damage ratio depends on the content type. For example,
glassware is expected to have 100% damage if overturns whereas chairs will not. The damage ratio
is assigned to contents as follows: 30% for furniture, 80% for electrical components, and 100% for
glassware [24].
Finally, the content non-collapse loss from each failure mode is estimated using MCS, then
the maximum of the two modes is considered. Finally, the total content loss is a combination of
collapse and non-collapse losses. In addition to the content loss function, one of the most important
measures which helps to benchmark insurance premiums and decision-makers and used in this chapter is the Average Annual Loss (AAL) which can be derived using the loss and hazard function [30].

3.9

Case Study
A four-story light wood frame office building located in Seattle, Washington, is considered

as a prototype for this study. The building was designed for FEMA P-2139-2 [70, 71] following
ASCE 7-10 [72] for high seismicity which refers to locations at the upper limit of seismic design
category (SDC) D, referred to as ”Dmax” and corresponding to a short-period response acceleration
parameter (SDS) of 1.00 g [72]. The building contains approximately 428 square m (4608 square ft) of
office spaces and accommodates six 71 square m (768 square ft) office units or so-called consequence
areas. The units are distributed into four levels. The design and plan details are described in [73].
The building is modeled using Timber 3D, a MATLAB-based nonlinear structural analysis software
for wood frames developed by [74, 75]. Timber 3D is capable of simulating three-dimensional seismic
response. The fundamental period of the building is 0.506 seconds.
IDA is performed in order to generate building EDP’s needed for performance modeling of
the building, i.e. peak inter-story drifts, peak residual drifts, and peak floor accelerations under
different intensity measure. The IDA is performed using the aforementioned 22 bi-axial far-field
ground motions used for content fragility assessment. Ground motions are scaled according to
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FEMA P-695 procedure [30].
A total of 113 content objects are included in one consequence area. The normative quantity for each component, i.e. the quantity for each component per unit gross square area, is estimated based on engineering judgment. The quantity value is estimated based on Xactimate 2019
database [76], a computer software that provides an estimate to personal property and emergency
repairs. The list of contents and their characteristics (aspect ratio, friction coefficient, damage
measure, quantity, and cost) is provided in Table B1.

3.10

Simplified expression in loss assessment
The simplified expression explained before is used to develop content fragility parameters for

this case study. Both NTHA (analytical) fragility parameters and the predicted fragility parameters
are used in the loss assessment framework to find the loss functions. Figure 3.11 portrays the loss
functions for anchored components as well as freestanding components with respect to Sa level at
the building fundamental period. It also shows the MCE (2% in 50 years, return period 2475 years),
DBE (10% in 50 years, return period 475 years), and SLE (50% in 3 years, return period 43 years)
levels for this building.
Examination of the figure reveals that the derived equation and analytical fragility parameters have identical loss functions and further prove the accuracy of the proposed equation and
therefore, can be used for developing loss functions for other scenarios. Also, as one can see from the
figure, the loss for freestanding components is higher than anchored components, which aligns with
the fact that freestanding components are more vulnerable to damage. For instance, the loss ratio
for freestanding components at SLE level is 0.3, whereas it is equal to zero for anchored components.

3.11

Mitigation scenarios
For each consequence area, no two contents are equally vulnerable to seismic excitation.

Some of them are more vulnerable as compared to others. To reduce the vulnerability of such
components, we can anchor them, but it is difficult to decide which components should be anchored
for economic and feasibility reasons. Also, it is impractical to anchor all components. In order to
find the loss incurred from any mitigation scenario and evaluate the efficiency of anchoring different
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Figure 3.11: Loss functions for all freestanding and all anchored components in the case study using
the analytical and predicted fragility parameters.
components, one needs to follow the multi-fold PBEE methodology.
In order to choose the optimal mitigation scenario, we need to look at the freestanding
and anchored content loss disaggregation. The most vulnerable contents in this case study can be
classified into four categories: (1) heavy components refer to components weigh more than 45 kg
such as bookcases, (2) expensive components refer to components that cost more than $100, (3)
electrical components, and (4) fragile items refer to glassware. Fig. 8 shows the non-collapse loss
ratio of anchored (represented by dark color) and freestanding components (represented by light
color) at each floor with respect to the demand distribution defined by PFA. For both figures, the
PFA median is increasing from the ground floor to higher floors. The second, third, and fourth floors
have almost the same PFA and hence have the same loss ratio.
At SLE level (see Figure 3.12a), all anchored components have zero loss ratio contrary to
the freestanding components. Also, expensive freestanding components hold the highest share in the
loss ratio, followed by heavy components. At the DBE level (see Figure 3.12b), the expensive and
heavy anchored components start to fail and contribute to losses incurred, but they are significantly
lower than the freestanding losses. Based on these results, four different mitigation scenario cases
can be used in this case study as listed in Table 3.4.
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Figure 3.12: Maximum Peak Floor Acceleration (PFA) versus non-collapse content loss ratio at each
floor: (a) loss ratio and PFA at SLE level. (b) loss ratio and PFA at DBE level.

Table 3.4: Mitigation scenario cases
Mitigation Scenario
Case1

Case2

Case3
Case4

Description
Heavy components are anchored ≥ 45kg, such as Fridge,
plotter, commercial printer, and File cabinets. (19% of total
content value)
Expensive components are anchored ≥ $100, such as desktop
computers, monitors, and projectors. (67% of the total cost
value)
Heavy and expensive components are anchored (72% of total
content value)
All components are anchored (100% of total content value)
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Figure 3.13: Loss results for all mitigation scenarios: (a) loss function for different scenarios; (b)
anchored components loss ratio to freestanding components loss ratio.
The loss function resulted from the detailed PBEE analysis for each mitigation scenario is
presented in Figure 3.13. The left diagram of this figure presents the loss ratio for each mitigation
scenario with respect to the spectral acceleration at the building fundamental period. Additionally,
the figure shows the lognormal fitted building collapse fragility. Most losses are incurred in the
case of freestanding and a downward trend can be observed as we go from case1, case2, case3, and
finally case 4. This can be attributed to various characteristics like components’ damage (fragility),
components’ consequence, and building demand which is the PFA.
The effectiveness of anchorage on losses for each mitigation scenario is quantified using the
ratio between the anchored loss ratio to the freestanding loss ratio. The ratio of unity indicates that
the anchorage of the associated components did not have any effect on the loss ratio. Figure 3.13b
presents this ratio with respect to the Sa at the building fundamental period, it can be noticed that
the ratio for all cases increases at higher intensity levels, which means that restrainers are more
efficient at lower intensity levels. The effectiveness of restraints decreases at higher intensity levels
due to the increase of the probability of building collapse (see Figure 3.13a). Hence, higher collapse
losses contribute to the failure of components regardless of their installation status (freestanding or
anchored). The content non-collapse losses shown in Figure 3.14 further emphasize this point. It
can be noticed that at intensity levels higher than MCE at all floors, the non-collapse losses decrease
until they become negligible when the building probability of collapse exceeds 90%.
Figure 3.15 shows the AAL values for all mitigation scenarios. The AAL reduction ratio
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Figure 3.14: Non-collapse loss at each floor.
which is the ratio between the difference of freestanding and anchored scenario AAL to the anchored
scenario AAL, this ratio increases from case 1 through case 4 which proves that restrains help to
reduce the annual content seismic loss, for example, the percentage reduction in case2 loss (anchoring
expensive components) is 78%.

3.12

Conclusions
The proposed simplified expression can be used for both restrainer design and loss estimation

will facilitate the decision on the optimal mitigation scenario. These simplified expressions offer
flexibility to decision-makers to develop numerous fragility functions for a wide range of freestanding
and anchored contents. The extension of studying contents’ damage and loss assessment in different
occupancy types using the proposed model is straightforward. Key results and conclusions pertaining
to the case study are as follows:
• The final fragility expression obtained showed a good fit with the analytical fragility
functions.
• Seismic loss mitigation due to restrainers decreases with an increase in intensity levels
because at higher intensity levels the collapse loss is more dominant.
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Figure 3.15: Average Annual Loss (AAL) for different mitigation scenarios and freestanding components, AAL reduction percentage at each scenario.
• Anchoring expensive components resulted in 80%, 64%, and 43% loss reduction at SLE,
DBE, and MCE levels, respectively. However, anchoring heavy components resulted in an almost
20% reduction of loss ratio at the same levels. Therefore, anchoring expensive components like
desktop computers, printers, and monitors mitigate more dollar losses.
• The annual average loss (AAL) values show that anchoring expensive components will
result in a 79% reduction in AAL. In other words, AAL went down from 1.44% ($5800) for all
freestanding components to 0.33% ($1350).
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Chapter 4

A Probabilistic casualty model to
include injury severity in risk
assessment
[Summary] Despite of rapidly increasing adoption of Performance-Based Earthquake Engineering (PBEE) in seismic risk assessment and design of buildings, earthquakes resulted in around
1.8 million injuries (three times the number of fatalities) over the past two decades. Several existing
PBEE-based methodologies use rudimentary models that may not accurately estimate earthquakeinduced casualties. Even when models are suitable for predicting the total number of fatalities and
critical injuries, they may fail to adequately differentiate between different severity levels of injury.
This chapter draws attention to the importance of improvement and modification of the seismic
casualty assessment method by taking a closer look at the injury-severity. To this cause, a probabilistic model is developed to predict fatalities and injuries due to earthquakes. The proposed model
adopts the FEMA P-58 framework for risk assessment and considers six injury severity levels (minor,
moderate, serious, severe, critical and fatal), in accordance with the Abbreviated Injury Scale (AIS).
This framework evaluates the casualty risk with five modules: seismic hazard analysis, structural
analysis and response evaluation (using incremental dynamic analysis), building collapse simulation, detailed casualty assessment caused by structural, nonstructural, and content components of
the building, and injury severity assessment. The injury severity assessment module assumes two
41

modes of injury: occupants falling on the floor resulting in injury and injuries caused by unstable
building contents hitting occupants as a result of sliding or overturning. The framework uses an
occupant-time location model to predict the number of injuries and a set of building content fragility
curves for sliding and overturning failure modes, developed by the incremental dynamic analyses.
The proposed model was applied to two case studies:(1) reinforced concrete, moment-frame office
building furnished with 21 different content objects. The results show that the frequency of injuries
resulting in hospitalization can be up to 30 times more than that of the fatal injuries at low shaking
intensity levels and may amplify by 20 times at high intensity shaking.(2) Steel moment frame office
building furnished with different office contents under two installation status: freestanding and anchored against sliding. Generally, anchoring contents will reduce injuries’ risk at low injury severity,
hence, improve the buildings’ indoor safety.

4.1

Introduction
This chapter aims to expand the existing seismic casualty estimation framework to include

injury estimation due to different sources (contents failure modes and falling on the ground) using
a probabilistic model. The proposed methodology is divided into four parts: (1) content fragility
functions and damage (Section 4.2), (2) collapse simulation and collapse casualty (Section 4.3 and
4.4), (3) probabilistic assessment of content fatality and injury (Section 4.5), and (4) injury severity
and risk assessment (Section 4.6 and 4.7). Also, this study proposes an approach for mitigating
content triggering non-collapse injuries due to shifted contents, in other words, sliding contents by
anchoring contents using restrainers [77]. The effectiveness of restrainers is quantified through
injury consequence function, loss function, and risk function. For demonstration, the framework is
applied to a four-story office building designed for high seismic region per ASCE 7 [78].

4.2

Content fragility function and damage
The fragility function is defined as the probability of failure when the component demand

exceeds its capacity. In this work, two failure modes are considered for a freestanding and anchored
building content: sliding, and rocking. Fragility functions are derived based on Chapter 3. The
demand parameter used for the fragility function for the sliding model is the sliding displacement
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and rotational angle. The sliding damage states are limited sliding and excessive sliding. The rocking
damage state is overturning.

4.3

Collapse simulation and collapse casualty
In this study, a casualty loss estimation framework is performed using the MATLAB toolbox

developed by [69, 79, 68]. First, the entire building is modeled and subjected to 22 far-field ground
motions provided by FEMA P-695, then an Incremental Dynamic Analysis (IDA) is performed on
the building to determine the structure’s Engineering Demand Parameter (EDP) such as the peak
inter-story drift, or peak floor accelerations. Multiple realizations of EDP are then generated to
examine the building damage. At each realization, the building is checked for collapse using the
building collapse fragility curve. If collapse is found, the collapse mode is determined (next section).
The flowchart of the performance-based loss assessment procedure adopted from FEMA P-58 is
shown in Figure 4.1.

Figure 4.1: The flowchart of the performance-based loss assessment procedure in the current version
of FEMA P-58.
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4.3.1

Collapse Modes
FEMA P-58 defined collapse modes as “the ways in which a building would be expected

to collapse, ranging from partial to complete collapse. Possible collapse modes are single story,
multiple story, and total collapse.” In order to find structure collapse modes, collapse triggers are
tracked throughout IDA. However, this methodology is inefficient because it is impractical and time
consuming; collapse modes are sensitive to several parameters like building modeling, and ground
motion characteristics, etc. In this work, a methodology is proposed to predict building collapse
modes using Monte-Carlo Simulation (MCS). The steps of analysis are as follows:
1. Extract the peak inter-story drift of incipient collapse from the IDA results.
2. Fit the peak inter-story drift of incipient collapse into a lognormal distribution.
3. Simulate random variables from the peak inter-story drift fitted distribution.
4. Perform MCS to find the probability of failure of each floor. The probability of failure can be
found by comparing the generated demand (EDP, inter-story drift) with the simulated random
variables.
5. Count the number of collapsed floors in each simulation to find the collapse mode of the
building. Figure 4.2 shows the probability of the number of collapsed floors corresponding to
the intensity level for an office building.

4.4

Number of fatalities and injuries due to building collapse
In order to find the number of fatalities and injuries due to building collapse or building

components damage, first, the number of people inside the building is estimated using FEMA P-58
peak population model [30]. The total building peak population is given by Equation 4.1:

T otal Building P eak P opulation = N umber of stories.P eak P opulation.f ootprint area (4.1)

The daily population model is also provided in FEMA P-58, based on the time of the day,
day of the week and month of the year. Figure 4.3 presents a sample of the daily population model
for two occupancy types: multi-residential, and commercial.
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Figure 4.2: Probability of number of collapsed floors corresponding to the intensity level for an office
building.
The normalized number of fatalities and injuries is given by Equation 4.2

Ncasualty =

Pf atality

or injury .P eak

P opulation.Pday .Pmonth .Ncollapsed
Total Building Peak Population

f loors

(4.2)

where Ncasualty is the normalized number of casualties or injuries, Pday probability this
peak population present at particular time of day at each realization, Pmonth Probability of having
peak population at certain time of the month at each realization, Ncollapsed

f loors

is the number of

collapsed floors at each realization.

4.5

Probabilistic assessment of content fatality and injury
Non-collapse fatality and injury are derived from three sources: 1) structural and nonstruc-

tural components, where the consequence and fragility functions can be found directly from the
P-58 database, 2) building contents, and 3) occupants falling. Content response after an earthquake
(sliding or overturning) results in injuries and sometimes fatalities. Yeow [32] reported that contents
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Figure 4.3: Probability of the number of collapsed floors corresponding to the intensity level.
contribute more to minor and moderate injuries in comparison with structural components which
are the cause of fatalities and severe injuries. The proposed methodology to estimate injuries due
to content and falling is summarized in Figure 4.4 . The input required for the analysis is content
characteristics (width, length, height, mass, friction coefficient, and weight). The analysis begins
with finding the content Engineering Demand Parameters (EDP) for each simulation. In the case
of sliding, the EDPs are the sliding relative displacement and velocity, which can be determined
at each intensity level from IDA results. In the case of rocking, the EDPs are the rocking angular
displacement and velocity. Next, the population density inside the office is calculated from the peak
total population in the building and the population model. Finally, it is determined if the occupant
was injured, cause of the injury, and the injury severity level. This study considers the following
two types of injuries: 1) injuries due to falling on the floor, and 2) injuries due to content-occupant
impact.

4.5.1

Falling Injury
In the event of a strong ground motion, occupants inside the building might lose balance, fall

and suffer with injuries. The occupant falls if the floor acceleration is higher than the acceleration
limit of falling. The falling acceleration limit is estimated using a lognormal distribution of a median
equal to 0.17g and 0.69 dispersion [32]. Falling may injure the upper limb (shoulders) or the pelvis
[32]. The injury severity at the upper limb and pelvis can be calculated by using the velocity of
falling which is given by Equation 4.3, which models the falling person as an inverted pendulum
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Figure 4.4: The proposed methodology for injury estimation.
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Figure 4.5: The proposed methodology for injury estimation.
while the center of mass is located at 60% of the occupant’s height (H) from the bottom of feet while
standing [32].
r
Vi = HIO

16g(1 − cos(θbody )
4.7H

(4.3)

Where Vi is the impact velocity, HIO is the impact height and in this case, it is equal to H, and
θbody is the body’s angle with respect to the vertical line.

4.5.2

Content-occupant impact injury
An occupant may get hit by building contents in any body part. Records from the 1994

Northridge earthquake show 11.2% of injuries to the head and 68.4% to the lower and upper limbs.
The Whitter Narrow earthquake records indicate that 40.5% of injuries were to the head [29] Therefore, the variability of the impacted body parts is modeled by dividing the occupants’ body into
four main parts: head, upper limb, pelvis and lower limb. The length of each body part according
to the schematic in Figure 4.5 is used to estimate the probability of the part being impacted by
a content component at each simulation. After picking the impacted body part, the area that the
falling or sliding content occupied is found using the content dimensions, and the impact velocity is
found using the estimated EDPs from IDA. The impact velocity is consequently used to determine
the injury severity.

4.6

Injury severity assessment
Injury severity is classified according to a classification system developed by the AIS code.

This system is developed for injuries due to vehicular accidents; however, this system can be applied
to other types of injuries [28]. AIS is a scoring system that depends on the body structure; it has
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Table 4.1: AIS levels
AIS level
1 Minor
2 Moderate
3 Serious
4 Severe
5 Critical
6 Fatal

Example
Scalp contusion
Head injury (unconscious < 1 hour), scalp laceration > 10 cm long.
Head injury (unconscious 1-6 hour), Femur fracture
Lung laceration, with blood loss >20% by volume
Cervical spine cord laceration
Injuries that immediately or ultimately result in death

seven levels ranging from 1 representing minor injuries to 6 representing fatal injurers. Table 4.1 lists
the description for each AIS level and provides an example for each level [28]. The injury fragility
functions are subsequently used to determine the injury severity based on the impact velocity of the
content (Figure 4.6). However, these functions are independent of the impact mass which means
once an occupant has been hit by a heavy component, the probability of serious injury or death
depends strongly on the impact velocity [80]. The injury severity functions are adopted from [81].

Figure 4.6: Injury fragility curves with respect to the impact velocity (m/sec).
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4.7

Injury risk assessment
The risk function is the probability of damage for a period of time in a particular region.

The risk depends on seismic hazard and seismic injury function. The seismic risk can be expressed
in terms of the mean annual rate of injury λk which is defined in Equation 4.4:
Z
λk =

P (DV |DM )|dλIM |

(4.4)

where P (DV |DM ) is the loss function at certain damage state k, and λIM is the hazard function.
One of the important metrics used in this paper to predict the number of injuries is the Expected
Annual Number of Injuries (EANI) which can be obtained by integrating the risk function.
Content injury risk could be reduced by anchoring heavy components as anchoring contents
reduces the velocity response of contents. A sample of velocity response for both freestanding and
anchored content with a friction coefficient of 0.3 and ultimate force to weight ratio of 5 with respect
to the Peak Ground Acceleration (PGA) is shown in Figure 4.7. The left plot of Figure 4.7 is for the
freestanding block, and the right is for the anchored block. It is shown that the anchored block has
zero velocity up to 2g, which is four times the freestanding block. It takes four times of earthquake
shaking to shift/ displace anchored contents compared with freestanding contents.

Figure 4.7: Velocity response for a freestanding (left) and anchored (right) rigid block of friction
coefficient 0.3 and ultimate force to weight ratio of 5 with respect to peak ground acceleration
(PGA).
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4.8

Case Study

4.8.1

Case Study 1: Injury risk assessment in RC moment frame
A case study is performed to illustrate the proposed earthquake casualty model’s application

on a 4-story office building located in a high seismic hazard zone. The structural system of this
building is reinforced concrete moment frame. The 2D reinforced concrete moment frame is modeled
on OpenSees with a fundamental period of 1.12 seconds [82]. Peak population per 1000 square feet is
4 and the building floor area is 21600 square feet; therefore, the total peak population is around 346
over four stories. The mean occupants’ height is estimated as 68 inches with 0.06 dispersion. The
nonlinear time-history analyses are conducted on Clemson University’s high-performance computing
platform (Palmetto Cluster). The fragility function for building collapse is anchored on peak floor
accelerations derived from IDA of the building at multiple ground spectral acceleration values during
each run.
A total of 21 building contents (furniture and electrical appliances) are included in the
generic office of 70 m2 consequence area. The normative quantity of content, i.e., the quantity for
each group of components per unit gross square area is estimated based on engineering judgment.
Figure 4.8 shows a sample of content configuration inside one consequence area in the office building.
The position of each content is specified to get a sense of the total content occupied area and the
area where the occupants can be distributed; the black dots are the occupants.

Figure 4.8: Contents configuration inside one consequence area and population density distribution
within the consequence area.
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4.8.1.1

Collapse Casualty Vulnerability
After checking for collapse, the collapse mode of the building is defined (Figure 4.2). The

collapse fatality and injury rates are calculated using Equation 4.2. Based on engineering judgement,
the probability of fatality is assumed to be 90%, and the probability of injury is assumed as 10%
for all collapsed floors. Figure 4.9 shows the normalized number of fatalities and fatal injuries
conditioned on the building collapse, which is the ratio of the number of deaths and fatal injuries to
the total peak population in the building.

Figure 4.9: Normalized number of fatalities and fatal injuries after building collapse versus ground
spectral acceleration.

4.8.1.2

Non-Collapse Casualty Vulnerability
The non-collapse fatalities and injuries are due to:

1. nonstructural components casualty vulnerability: Figure 4.10 presents the nonstructural casualty vulnerability curve; it can be observed that the fatal injuries are higher than direct
fatalities.
2. content casualty vulnerability: To find the injury and fatality rates due to contents, the framework suggested in Figure 4.4 is used. Figure 4.11 presents non-collapse free-standing content
injury and falling injury for six levels of injury severity from AIS1 to AIS6. The Figure indicates that minor (AIS1) and serious injuries (AIS3) are more frequent than other injury
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severity. Also, the normalized number of casualties decreases after 1g because the building
collapse will dominate.

Figure 4.10: Normalized Casualty due to nonstructural component damage versus ground spectral
acceleration.
Total post-earthquake injuries can be simply put as the sum of injuries due to collapse and
non-collapse cases. The total number of fatalities and fatal injuries are illustrated in Figure 4.12,
while Figure 4.13 shows the normalized injuries due to building contents. This case study shows that
impact by building contents and occupants falling are estimated to result in 75% of the total number
of injuries at the MCE (Maximum Considered Earthquake) level, while serious injuries constitute
40% of the total number of injuries and minor injuries account for 20% of them. This case study
signifies that the building contents can be a potential cause of injuries and highlights the importance
of building contents injury assessment.

4.8.2

Case Study 2: Injury risk assessment in steel moment frame
To illustrate the application of the proposed approach, a case study is performed on a 4-story

office building located in a high seismic hazard zone (Los Angeles). The structural system of this
building is a two-dimensional steel moment frame. The structural period is 1.33. The details of this
model at [83]. The peak population per 1000 square feet is 4 [30], and the building floor area is 14000
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Figure 4.11: Content and falling injury vulnerability for six levels of injury severity versus ground
spectral acceleration. The vertical dashed line identifies the ground spectral acceleration value at
the MCE level.

Figure 4.12: Total normalized injury for collapse and non-collapse.
square feet. The total peak population of the building is 224. The nonlinear time-history analyses
are conducted on Clemson University’s high-performance computing platform (Palmetto Cluster).
The fragility functions for building collapse are anchored on peak floor accelerations derived from the
Incremental Dynamic Analysis (IDA) of the building at multiple ground spectral acceleration values
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Figure 4.13: Total normalized injury for collapse and non-collapse due to building contents and
occupant falling.
during each run. A total of 19 building contents (furniture and electrical appliances) are included
based on are included in the generic office’s assumed 750 f t2 consequence area. The normative
quantity of content, i.e., the quantity for each group of components per unit gross square area is
estimated based on engineering judgment. All of the chosen contents are vulnerable to sliding and
can be anchored. It is assumed that these contents have the same friction coefficient of 0.3, and a
restraint strength of 1000 lb.
Figure 4.14 presents the content injury functions for both freestanding and anchored contents; injury loss is quantified by normalized injury, which is the ratio of the number of injuries
to the peak number of population in the building with respect to Spectral acceleration (Sa) at the
fundamental period of the steel building (T = 1.33 sec). The number of injuries decreases after 3g
because the building collapse loss (injury) will dominate. In Figure 4.14, the minor (AIS1), moderate
(AIS2), and serious (AIS3) injuries due to freestanding contents are higher than the anchored content. On the other hand, anchoring components did not affect the severe, critical, and fatal injuries
because the velocity threshold for the capacity is high, which ensures that anchor components start
to behave as freestanding (the restraint will break).
The number of injuries depends on the intensity level (Sa); Figure 4.15 illustrates the rela-
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Figure 4.14: Non-collapse injury loss function with respect to spectral acceleration at the fundamental period for both freestanding and anchored contents.
tionship between the injury ratio of freestanding to anchored and the intensity level. The reduction
in the number of injuries between freestanding and anchored contents depends on the intensity level.
The reduction in the injury ratio between freestanding to anchored cases is most significant at low to
moderate intensity levels. However, at a high shaking intensity level, the anchored and freestanding
content injuries are nearly identical. It is worth mentioning that at an intensity level of less than 1
g, the injury losses are almost zero. Therefore the ratios are negligible.
Figure 4.16 shows the normalized EANI (%) with respect to all levels of injury severity for
both freestanding and anchored contents. The freestanding contents have higher EANF compared
with the anchored contents for minor, moderate, and serious injuries. This figure implies that we
predict one minor injury every 370 years due to freestanding contents in this building and at this
hazard level, and one minor injury every 1476 years if anchored.

4.9

Conclusion
The conclusion can be summarized in the following points:

1. Current performance-based frameworks fall short in predicting non-collapse injuries, especially
for building contents.
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Figure 4.15: The ratio of associated freestanding injury to anchored associated injury.

Figure 4.16: Estimated Annual Number of Injuries (EANI) for both freestanding and anchored set
of contents.
2. The presented case studies highlights the need for incorporating injury due to impact by
building contents and falling into performance-based frameworks as they may account for 75%
of total injuries.
3. The proposed framework can easily be integrated within the FEMA P-58 framework and
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applied to commercial buildings as well as other occupancy types for risk estimation.
4. The reduction in the number of injuries between freestanding and anchored contents depends
on the intensity level. The injury reduction ratio between freestanding to anchored cases is
most significant at low to moderate intensity levels. However, at a high shaking intensity level,
the anchored and freestanding content injuries are nearly identical.
The proposed model is flexible and can be applied to different occupancy types (multifamily, hospital, hotel, etc.) once the content fragility functions are provided. Further investigation
is needed to study the effect of varying building contents on injury vulnerability.
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Chapter 5

Ground motion duration effects on
losses incurred to modern steel
moment frames
[Summary] Concerns about the financial risks from long-duration ground motions caused
by subduction zones in the northwestern United States threatening some major built environments
have escalated. This research is undertaken to study the duration effects on the seismic economic
risk of steel moment frame buildings as a prominent building class in commercial stock. At first, a
modified version of FEMA P-695 ground motion scaling tailored for seismic loss estimation purposes
incorporating two sets of spectrally matched bi-directional short and long-duration ground motions
is proposed. This approach is employed for incremental dynamic analysis to quantify the seismic
responses of a group of modern steel buildings with different heights (i.e., 2 to 20 stories). The
structural analyses show a significant duration impact on collapse capacity — in order of 28.0%
on the average. Thereafter, a component-based loss estimation methodology is adopted to predict
seismic losses sustained by these buildings impacted by short- and long-duration ground motions.
These losses are expressed separately for the building (i.e., structural and nonstructural components)
and content following the insurance practice. Average annualized loss (AAL) is of great importance
for risk quantification and insurance rate-making. Therefore, an approach for AAL calculation is
proposed that segregates contributions of short- and long-duration ground motions. The result shows
59

the minimal impact of building height on the contribution of these two types of earthquakes. The
seismic risk analysis of buildings also reveals that the collapse risk is mainly influenced by duration
effects followed by building and content losses.

5.1

Introduction
Duration is one of the main characteristics of ground motions. Modern buildings are de-

signed by seismic design codes and regulations that overlook the earthquake’s critical aspect [84].
Wide destruction to the buildings and infrastructures brought about by long-duration seismic events
like Maule, Chile 2010, and Tohoku, Japan 2011, which has caused considerable concerns among
researchers, insurance carriers, business owners, authorities, and property managers. Subduction
faulting systems can trigger long-duration strong ground motions. A quick look at the world map of
major subduction faults reveals the high exposure of large cities and associated critical infrastructures, including important metropolitan areas on the west coast of the United States, e.g., Seattle,
WA. However, the loss assessment methodologies, like FEMA’s HAZUS-MH methodology [85], do
not account for duration effects on the seismic losses.
Different researchers over the past decades studied the effects of the duration of the ground
motion on the seismic performance of buildings. An early study conducted by van de Lindt and
Goh revealed the significant impact of long-duration ground motions on the reliability of structural
systems [86]. Hancock and Bommer reviewed such studies in their work [87]. More recently, incremental dynamic analysis (IDA) has been employed extensively to study the impact of ground
motion duration on the seismic performance of structural systems. This approach requires two separate ensembles of spectrally matched ground motions representing short-duration ground motions
and long-duration ground motions to be taken under consideration. In this way, insights can be obtained on the relative impact of the ground motion duration. Many researchers utilized this approach
to gauge the duration effects on the seismic performance of different structural systems, including the
single degree of freedom (SDOF) systems [88, 89, 90, 91], bridges [92], reinforced concrete structures
[93, 94, 95], and light-frame wood constructions [96, 97, 98]. In terms of steel moment frames as
the focus of the current study, Liapopoulou et al. [91], Chandramohan et al. [99], and Hwang et al.
[100] found that long-duration resulted in a relatively 20%, 29% and, 43% reduction in steel frames
collapse capacity, respectively. Also, Zengin et al. [101] reported that long-duration amplifies steel
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frames seismic risk by 3.5. Overall, these studies prove the detrimental impact of the long duration
of structural systems in terms of collapse fragility and damage index.
As succinctly discussed above, a comprehensive literature review showed most of the studies
conducted on the duration effects stopped short of studying seismic losses. Understanding the
impact of duration on the seismic losses could be of great significance for assessing seismic risk
and resiliency of communities. Recently, Hwang et al. [100] studied the effects of long-duration
earthquakes on a total of four modern steel (two different heights and risk categories) on seismic
collapse risk and losses. They utilized a collection of ground motions from Chandramohan et al.’s
work [99]. As discussed in the subsequent section, these ground motions seem not ideal for seismic loss
analysis. In order to address the research need to understand the effects of subduction earthquakes
on steel structures with different heights, including losses associated with two primary insurance
coverages of a building property (i.e., building and content), the current study is undertaken on
the commercial modern steel moment frame buildings. Authors’ similar study on wood light-frame
buildings revealed the considerable impact of ground motions on the incurred losses [102]. Steel
moment frames are considered one of the leading commercial construction types, and as high-rise
modern steel moment frames are less likely to collapse, the height effect on the non-collapse financial
losses is a critical issue [103]. In this paper, at the outset, a modified version of the FEMA P-695 [64]
ground motion scaling procedure is proposed to pave the way for studying the influence of ground
motion duration. A bi-directional spectrally matched database of 50 ground motions corresponding
to 25 long- and 25 short-duration is used. Thereafter, the modified approach is employed to conduct
IDA on steel moment frame archetypes with different heights from 2-story to 20-story designed
for a high seismic region. Next, the structural analysis results are relayed to a building-specific loss
assessment framework developed based on FEMA P-58 provisions [30] to assess the impact of ground
motion duration separately on the building (structural and nonstructural components) as well as
content losses. The average annual loss is a vital risk index needed for different financial purposes,
including insurance rate-making. This paper proposes an effective approach to computing AAL,
which segregates the contribution of short- and long-duration earthquakes. This approach also helps
arriving at a hazard-consistent estimate of AAL as urged in an earlier study [100].
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5.2

Selecting and scaling ground motions
Selecting and scaling ground motions is crucial for predicting the seismic response to quantify

a building’s seismic performance. FEMA P-695 provisions [64] are widely used for incremental
dynamic analysis (IDA), which recommends a selecting and scaling methodology consisting of two
main steps, i.e., normalizing and group scaling. However, the P-695 approach does not account
for the long duration or subduction zone ground motions. Estrella et al. proposed a version of
the FEMA P-695 method to evaluate the structural performance of five-story light wood frames
under long-duration ground motions [104]. On the other hand, spectral matching is used to study
duration effects [99], whereby each of the horizontal components of long-duration ground motions
is matched with a horizontal component of short-duration ground motions based on spectral shape.
This approach is used chiefly for the prediction of the collapse capacity of structural systems using
two-dimensional analyses. The seismic loss estimation requires the predictions of seismic response
in both orthogonal directions. Moreover, studies like Chandramohan et al. [99] incorporates two
sets of ground motions in which horizontal components of different ground motions are mixed and
matched. For instance, in some cases, two horizontal components of a specific long-duration ground
motion are individually matched with horizontal components of two different short-duration ground
motions. Even though such ensembles of ground motions are utilized for loss estimation [100], it
sounds not to be a realistic assumption. Belejo et al. extended Chandramohan et al. spectral
matching approach to be used in 3-D structural analyses by spectral matching the geomean of
two orthogonal rotated short duration components with the as-recorded long-duration components
[105]. Although this strategy for matching ground motions seems interesting, it may not be effective
for all different ground motions, especially for unpolarized ground motions defined by Shahi and
Baker [106]. In this study, a modified version of the FEMA P-695 scaling procedure is proposed
incorporating a spectral matching approach by matching the geometric mean of both horizontal
components of short-duration and long-duration pairs.

5.2.1

Selection of ground motions
A suite of 25 bi-directional ground motion records is selected. Subduction earthquakes were

selected from databases that include long-duration earthquakes from nine events. These twenty-five
records were collected from the PEER NGA-West2 database [107], the K-Net and Kik-net database
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[108], and the Consortium of Organizations for Strong-Motion Observation Systems (COSMOS)
Virtual Data Center [109]. The duration of these records is characterized by the significant duration
of 5% to 95% (D5-95% ); D5-95% is defined as the time interval between accumulated Arias Intensity
(Ia ) of D5-95% , as shown in Figure 5.1. The long-duration records were classified as records with a
significant duration of D5-95% longer than 30 seconds [99].

Figure 5.1: Arias intensity and significant duration D5-95% of long and short-duration of the third
pair of ground motions as listed in Appendix 1.
The proposed methodology for the selection of the short duration records comprises the
following steps:
Step1: Select a short duration source (e.g., PEER NGA-West2 database). The short duration records were classified as the records with a significant duration (D5-95% ) less than 30 seconds.
And select a long-duration source for long duration records.
Step2: For each pair of as-recorded short-duration record and as-recorded long-duration
record, compute the elastic response spectra at 5% damping, then find the geometric mean of the
orthogonal response spectra for both long- and short-duration pairs. Finally, select a Matching
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Factor (MF) that yields a minimum Sum of the Squared Error (SSE), which is given by Equation
5.1:
SSE j =

N
X

SD
(M F.SaLD
gm (Ti ) − Sagm (Ti ))

(5.1)

i=1

where SaLD
gm (Ti ) is the geomean spectral acceleration ordinate at each discretized period Ti corresponding to as-recorded long-duration components, and SaSD
gm (Ti ) is the geomean spectral acceleration ordinate at each discretized period Ti corresponding to the as recorded short-duration records.
N is the length of the period interval (T). The period range of interest is 0.05<T<5.0 seconds to
include low-, mid-, and high-rise structures.
Step3: For the short-duration set, normalize the short-duration pairs according to FEMA
P-695 procedure. For each short-duration record (j), find the Peak Ground Velocity (P GV j ) for
both orthogonal components. Then, determine the geometric mean of both components (P GV gm,j ).
The normalization factor (N M j ) is equal to Equation 5.2:
N Mj = Pd
GV gm /P GVgm,j

(5.2)

where Pd
GV gm is the median of P GV gm,j values for the set of ground motions. Normalization reduces
the record-to-record variability, which alleviates the need for a large number of ground motion
records. Both short-duration orthogonal components are multiplied by the same normalization factor
to preserve the relative strength of each component of a ground motion [64]. Figure 5.2 presents the
lognormal response spectra of 50 individual short duration records (25 pairs), lognormal median,
one, and two lognormal standard deviations (LnSTRDev).
Step 4: Repeat Step 2, but this time for each pair of the normalized short-duration record
and as-recorded long-duration record, compute the elastic response spectra at 5% damping, then
find the geometric mean of the orthogonal response spectra for both long- and short-duration pairs.
Finally, select the new Matching Factor (M F ) that yields the minimum SSE . Figure 5.3 displays
the matched geometric response spectra of the third pair of long- and short-duration ground motions
and those corresponding to components.
Appendix C lists the selected pairs of long-duration and short-duration earthquake records,
in addition to normalization and matching factors. In this work, predefined matched pairs of long and
short records handpicked from previous literature are adopted. It is worth mentioning that pulse-like
ground motions are eliminated. Figure 5.4 presents an overview of some key characteristics of the
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Figure 5.2: Response spectra of 50 individual short duration records and median, one and two
standard deviations of total set, (a) response spectra of unscaled (raw) short duration set. (b)
response spectra of normalized short duration set. LnSTdDev is the lognormal standard deviation.

Figure 5.3: Matched response spectra for the 14th earthquake pair, including the individual components and the geometric mean of long- and short-duration.
selected short- and long-duration ground motions in terms of D5−95% , magnitude (Mw ), and rapture
distance (Rrup ). Figure 5.5 shows the median of the geometric mean of long- and short-duration
spectra, revealing a good match between them.

5.2.2

Group Scaling
FEMA P-695 scaling procedure requires the spectrum of the normalized selected ground

motions to be altogether scaled to a series of select incrementally increasing spectral accelerations
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Figure 5.4: An overview of important characteristics of the selected short- and long-duration ground
motions, i.e., D5−95% , magnitude (Mw ), and rapture distance (Rrup ).
using group factor (GF ) to conduct the IDA and evaluate the collapse capacity of the building. In
a nutshell, the final scaling factor (SF) can be calculated from Equations 5.3 and 5.4:
SF LD = M F ∗ GF ∗ T H LD

(5.3)

SF SD = N M ∗ GF ∗ T H SD

(5.4)

where SF SD and SF LD are defined as the final short-duration and long-duration scaling factors,
respectively. T H SD and T H LD are the time history of each component and each short- and longduration ground motions, respectively. GF is the group factor.

5.3

Studied steel moment frame buildings
The west coast of the United States is prone to long-duration ground shakings due to the

proximity of subduction fault systems in the Pacific Ocean. Important cities of the region like
Seattle, WA, are the center for many vital industries. It is known that steel construction in this area
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Figure 5.5: Median response spectra for the geometric mean of long and short duration ground
motions.
is playing a dominant role in constructing commercial building stock [110]. Studies have also shown
that long-duration records influence ductile buildings more drastically than non-ductile buildings
[95]. This study is devoted to modern steel moment frames designed for high seismic regions or
seismic design category (SDC) D [78]. It is assumed that the buildings are located in Seattle, WA.
The modeling is conducted using the OpenSees software package [111]. The lateral system of the
buildings is a perimeter moment frame with reduced beam section (RBS) connections as a widely
used prequalified steel moment connection [112]. In order to study the building height effects, five
buildings with 2, 4, 8, 12, and 20 stories are studied. These buildings are SMF2, SMF4, SMF8,
SMF12, and SMF20 based on the number of stories. The building footprint is 42.7m by 30.5m,
and the typical story height is 4m, while the first story height is 4.6m. The layout of the building
archetype is presented in Figure 5.6. The buildings are simulated using a phenomenological modeling
approach incorporating two sets of nonlinear springs. The first set of nonlinear springs accounts for
flexural nonlinearities of steel members, including cyclic deterioration through the Ibarra-MedinaKrawinkler (IMK)’s modified deterioration model [113], while the second set of nonlinear springs
accounts for shear nonlinearity of the panel zone region through the Gupta and Krawinkler’s trilinear
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model [113]. The models take the contributions of the gravity system and composite action into
account. The models also take P-Delta effects into consideration by incorporating with leaning
columns. Further details about the models can be found elsewhere [114].

Figure 5.6: Layout of the steel moment frame building.
The fundamental period for SMF2, SMF4, SMF8, SMF12, and SMF20 models using eigenvalue analysis are 0.68 sec, 1.31 sec, 1.81 sec, 2.45 sec, 3.18 sec, respectively. Incremental dynamic
analysis (IDA) is conducted for each building separately for the ensemble of short- and long-duration
ground motions. Each ground motion is scaled incrementally up using 5% damping spectral acceleration at the fundamental period of the building until collapse is reached. The non-simulated collapse
strategy is adopted by which the maximum story drift ratio exceeds a certain limit (i.e., 10.0%) or
the story shear resistance becomes zero. Figure 5.7 compares the dynamic capacity curves (i.e., IDA
curves) for each building for short- and long-duration ground motions. The IDA curves represent
the relationship between the maximum story drift ratio versus the spectral acceleration at the fundamental period. The collapse capacity of the buildings is characterized based on the IDA results
in terms of median collapse spectral acceleration (SbCT )and the associated dispersion. It can be seen
that the collapse capacity of all buildings subjected to long-duration sets is lower than short-duration
sets. On average, the median collapse spectral acceleration of a building is lower by 28% under the
long-duration ground motions. Generally, the median collapse capacity of the SMF4 is lower than
SMF2 because the SMF4 has a lower overstrength than the SMF2 [114].
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Figure 5.7: The IDA curves of the studied buildings subjected to long-duration and shorts duration
sets.
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5.4

Loss assessment
The seismic loss of the building archetypes is computed using a component-based loss as-

sessment framework. The framework utilizes the FEMA P-58 [30] methodology relying on the
Pacific Earthquake Engineering Research (PEER) Center framework. PEER framework partitions
the whole risk assessment domain into four subdomains, i.e., hazard analysis, structural analysis,
damage analysis, and loss analysis, interconnected in a Markov chain manner. The last two analyses,
i.e., loss analysis and damage analysis, are merged and called herein the loss assessment framework.
The framework consists of three separate sequential modules, i.e., collapse check, irreparability
check, and component-wise loss calculation. Loss assessment is performed using a MATLAB-based
[66] computational platform called Apocalyptic Structural Assessment Program (ASAP) developed
earlier and implemented on high-performance computing facilities of Clemson University dubbed
Palmetto Cluster [79]. FEMA P-58 provides minimal content component fragility functions in their
database. Therefore, content fragility and consequence functions are developed for this study based
on the earlier study [77] and added to the ASAP’s clearinghouse. The toolbox was used extensively
for loss estimation purposes [102, 67, 68, 115, 69, 77, 116]. Losses made by structural, nonstructural, and content components of the adopted archetypes are studied. However, the losses sustained
by the building (i.e., structural and nonstructural components) and content are treated separately
according to the practice of insurance risk modeling. One of the main contributors to building and
content losses is collapse loss. Collapse losses are predicted by the collapse fragility of the structure
idealized using the lognormal cumulative distribution function without any adjustment for spectral
shape. FEMA P-58 provisions emphasize incorporation with three-dimensional modeling of structures. In this study, two-dimensional nonlinear modeling is adopted because the structural system
is a perimeter moment frame, and in two perpendicular directions, the response of the building can
be reasonably assumed to be independent. The probability of collapse at a given intensity measure
is typically computed using the Equation 5.5:
P2D (C|IM ) =

nC1 + nC2
2.nGM

(5.5)

where, P 2D (C|IM ) is the two-dimensional collapse probability at a given intensity measure. nC1
and nC2 are the number of collapsed cases in directions 1 and 2, respectively. These directions are
shown in Figure 5.6. nGM is the total number of the selected ground motions, which is twenty five
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for the current study. In order to account for three-dimensional effects on the collapse probability
for such structural systems, the above relationship is revisited and rewritten as follows:
PP 3D (C|IM ) =

nC1∪C2
nGM

(5.6)

where, PP 3D (C|IM ) is called the pseudo-three-dimensional collapse probability at a given intensity
measure. nC1∪C2 presents the number of the occurrence of the collapse event in either direction
1 or direction 2. Equation 5.6 reflects that the collapse event is not independent in directions 1
and 2 for the studied structural system, even though the structure’s response can be assumed to be
independent for these two directions. The relationship also implies that the collapse of the seismic
frames in one direction is equivalent to the collapse of the whole structure for these structural systems. Equation 5.6 might be used to predict the collapse probability for similar structural systems
using two-dimensional analysis, which are independent in two directions like shear walls or bracing.
Repairability plays an essential role in the prediction of seismic losses for modern buildings. Reparability is only considered in predicting the building (i.e., structural and nonstructural components)
losses. FEMA P-58 makes use of an irreparability model which relates irreparability probability
to the residual drifts. The nonlinear models used in the current course of study, as stated earlier,
incorporates with IMK hysteresis model. The residual drifts predicted using this model are known
to be less reliable [117].
In this study, the repairability model developed by Safiey and Pang is used, which defines
repairability as a state in which ’repair cost’ exceeds the ’reconstruction cost.’ The great advantage
of the model is the ability to account for various exogenous or external factors (e.g., insurance and
heritage values) and endogenous or internal factors (e.g., structural system). For simplicity, it is
assumed that the building is uninsured. The parameters associated with the repairability model are
set to: Lm = n • 2000 U SD , λD = n • 7000 U SD/day and RCV T = n • 504000 U SD, in which,
n represents the number of stories, Lm is miscellaneous indirect losses, λD is the daily downtime
loss, and RCV T is indirect replacement cost. Refer to [67] for more details. The direct replacement
cost of the building is predicted based on the maximum repair cost obtained from the corresponding
consequence functions.
A total of 39 structural and nonstructural vulnerable components is identified for the studied
buildings. These components’ fragility and consequence functions are chosen based on the FEMA P58 provisions. The quantity of vulnerable nonstructural components is determined following FEMA
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P-58 recommendations. Appendix D presents the list of structural and nonstructural components.
Some of the component fragility functions are sensitive to peak floor acceleration and some to interstory drift ratios.

Figure 5.8: Schematic illustration to content damage and loss assessment.
The building contains approximately 1302 square m (14015 square ft) of office spaces and
assumes to accommodate fifteen 71 square m (768 square ft) office units or so-called consequence
areas (as shown in Figure 5.8). A total of 113 content objects of 31 groups are included in one
consequence area. The normative quantity for each component, i.e., the quantity for each component
per unit gross square area, is estimated based on engineering judgment. The quantity is estimated
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based on the Xactimate 2019 database [76], which computer software estimates personal property
and emergency repairs. The list of contents and their normative quantities is provided in Appendix
A. The component fragility functions for content are developed for two independent major failure
modes, sliding, or overturning which are sensitive to the peak floor acceleration (more information
about fragility function derivation can be found in [77]). Heavy and electrical content components are
considered anchored in this paper based on engineering judgment [77]. Figure 5.8 presents fragility
functions for one anchored component (Bookcase) and one unanchored component (Chair) under
both failure modes namely; sliding and overturning. It is assumed that each content component
has one damage states if unanchored (DS1); DS1 defined as excessive sliding (when the maximum
displacement exceed certain displacement threshold) or overturning. On the other hand, if anchored,
each content component assumed to have two damage states (DS1, DS2); DS1 is defined as restraint
breakage due sliding or rocking, and DS2 is defined as excessive sliding or overturning. Content
damage states are summarized in Table 3.1. In order to find each content component loss, the
loss due each failure mode is calculated then the maximum of the two modes is considered. Each
component is also represented by a consequence function. Based on engineering judgment, the
content consequence function is assumed to be normally distributed with the damage ratio as a
median and 20% variance in order to define the uncertainty of components’ repair cost. In case of
restraint breakage (DS1 for anchored components), the damage ratio is the restrainer replacement
cost ratio for all anchored components. In the case excessive sliding or overturning (DS2 for anchored
components or DS1 of unanchored components), the damage ratio depends on the content type. For
example, glassware is expected to have 100% damage if overturns whereas chairs will not. The
damage ratio is assigned to contents as follows: 30% for furniture, 80% for electrical components,
and 100% for glassware [118]. Figure 5.8 presents the consequence function for the two selected
components (Chair and Bookcase).
The first step is taken to study the vulnerability function of each archetype. The vulnerability function is defined as the mean economic losses versus the spectral acceleration as an intensity
measure. Figure 5.9 presents vulnerability for each archetype separately for long duration and short
duration shakings. Each plot includes the collapse losses together with content and building vulnerability functions. The building or content loss ratio is the mean total loss divided by the total
replacement cost (replacement value). Broadly speaking, the trend of collapse losses, content losses,
and building losses are similar. The predicted mean values of content and building losses are close
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Figure 5.9: Building and content earthquake vulnerability functions for the studied buildings under
short- and long-duration shakings. illustration to content damage and loss assessment.
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for different heights under long and short duration shakings. To be more specific, the building losses
are higher than content losses for the 2-story building. This trend is opposite for 4- and 8-story
buildings. For taller buildings, it can be observed that the content losses are higher at the lower
levels of shakings. This trend reverses for this group of buildings at a spectral acceleration between
0.4 to 0.6g except for SMF20 under long-duration ground motions.
In order to facilitate studying the relationship between the height and the incurred losses
at different levels of ground shaking, three levels of shakings (SLE, DBE, and MCE) are chosen to
represent different severity levels of the seismic events. Figure 5.10 presents the losses at these three
levels of shaking for the studied steel frame buildings. It can be observed on this figure that the trend
of short duration content losses at SLE and DBE is not downward for heights more than 4-story.
As discussed earlier, the content components are solely sensitive to acceleration. The contribution
of collapse to content loss is negligible for these buildings at SLE and DBE. Figure 5.11 presents
the median of maximum peak floor accelerations (PFAs) for studied buildings at SLE and DBE
separately for short and long-duration ground motions. This figure shows that PFAs developed by
short-duration ground motions tend to be almost constant for different heights at SLE and DBE
levels. This trend explains the observations made for short-duration losses at these levels. Also,
the long duration and longer periods resulted in lower PFA than the short-duration ground motions
which are consistent with an earlier study [119]. This is because of the expeditious release of energy
for short duration shakings (crustal faults) as reported in [87, 119]
A step further is taken by calculating and comparing each archetype’s AAL (average annual
loss). Average annual loss can be computed using the following relationship inferred from FEMA
P-58 provisions:
Z
AAL =

Z Z
λ(L)dL =

P (L > l|IM ) dλ(IM ) dL

(5.7)

where AAL stands for average annual loss, λ(L) is the annual frequency of exceedance at a given loss,
P (L > l|IM ) is the probability of exceeding a certain amount of loss at a specific shaking intensity,
and the λ(IM ) is the annual frequency of exceedance of a given shaking intensity which is known
as the hazard curve of the site of the building. In order to estimate the total average annual loss
(AALT ), it is proposed to have it broken down into two parts. The first one is AALLD , defined as the
contributions of the long-duration shakings (i.e., subduction faults), and the second one is AALSD ,
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Figure 5.10: Building and content earthquake losses at different levels of ground shaking.

Figure 5.11: Mean maximum peak floor acceleration (PFA) for studied buildings for short and long
duration ground motions at SLE and DBE.
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defined as the contributions of the short-duration shakings (i.e., crustal faults). This approach
separates the contribution of long- and short-duration earthquakes used earlier by researchers to
determine the annual collapse rate [95]. The described relationship can be mathematically expressed
as:

AALT = AALLD + AALSD

(5.8)

Contributions of long- and short-duration ground motions to the total average annual loss can be
estimated separately using Equation 5.7 and substituted into Equation 5.8 as follows:
Z Z
AALT =

Z Z
PLD (L > l|IM )dλLD dL +

PSD (L > l|IM )dλSD dL

(5.9)

where PLD (L > l|IM ) and PSD (L > l|IM ) can be predicted using the building-specific loss assessment for each building under long-duration and short-duration ground shaking sets, respectively.
λLD (IM ) and λSD (IM ) are hazard curves for the building site for long-duration (i.e., subduction)
and short-duration (i.e., crustal) ground motions. The event-type-specific hazard curve of Seattle,
WA, with soil type D [120] is used to compute average annual losses for studied buildings. Figure
5.12 shows seismic hazard curves for the building site disaggregated as the short duration (crustal)
and long duration (subduction) hazard curves for a building with a period of 1.31 sec. Crustal
events consist of grid and fault event types, while subduction events encompass interface and slab
event types [121]. Bradley et al. parametric hazard model is utilized to facilitate the numerical
implementation [122].
The annual frequency of collapse (λC ) of the buildings are determined using the same
strategy as follows: where PLD (L > l|IM ) and PSD (L > l|IM ) are the collapse fragility functions
for the building obtained from incremental dynamic analysis (IDA) and expressed in the format
of the lognormal cumulative distribution function under long- and short-duration sets of ground
motions, respectively. Figure 5.13 presents the annual frequency of collapse and average annual loss
for each building. It can be seen that the trend of content and building average annual losses under
short and long duration ground motions are very similar to those of corresponding annual frequencies
of collapse. The following two ratios are introduced to quantify the contribution of long-duration
ground motions on the total average annual loss and annual frequencies of collapse:

RAAL−LD =

AALLD
AALT

77

(5.10)

Figure 5.12: Event-type-specific seismic hazard curves for Seattle, WA for subduction and crustal
zones.
RC−LD =

λC−LD
λC

(5.11)

where RAAL−LD and RC−LD is the contribution of long-duration ground motions on AALT and λC .
Figure 5.13 provides the estimate of these two ratios for all studied buildings. It can be seen that
the contribution of long-duration earthquakes to the annual frequency of collapse is always more
significant than the contribution of short-duration earthquakes. This observation can be explained
through higher energy dissipation from the larger number of cycles which results in more deterioration and, accordingly, higher collapse rates induced by long-duration ground motions. The annual
frequency of collapse is the primary concern of design codes like ASCE 7-16 [112], targeting a uniform collapse risk to preserve the same level of life safety across the country. Figure 5.13 also reveals
that the contribution of long-duration records to the predicted AAL values for either building and
content is always smaller than the contribution of short-duration records. The only exception is
SMF2, with an estimate for RAAL−LD for the building, which is slightly greater than 0.5. Moreover,
the following relationship can be deduced from Figure 5.13 for the studied buildings:
Building

Content
RAAL−LD
< RAAL−LD < RC−LD

(5.12)

Building
Content
where RAAL−LD
and RAAL−LD
is the contribution of long-duration ground motions on AALT pre-

dicted for content and building, respectively. The above relationship indicates that the long-duration
ground motions for the studied buildings have a lower contribution in the average annual losses of
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content than those of buildings. Average annual losses are mainly controlled by losses at the lower
levels of shakings. Content components are sensitive to the peak floor acceleration. Therefore, the
higher accelerations developed by short-duration ground motions at the lower levels of shaking also reported by [119] - could be the main reason for the lowest contribution of the long-duration
ground motions to the content losses. Examination of Figure 5.13 also reveals relatively higher losses
incurred to the content under short-duration ground motions at SLE—representing low shakings.

Figure 5.13: Building and content AAL and annual frequency of collapse.
Average annual losses are of great importance to the managers, stakeholders, and insurance
carriers. Two separate coverages of an earthquake insurance policy for building properties typically
protect building losses (“coverage A” or “damage to house”) and content losses (“coverage C” or
“personal property”). The result shows that for the special steel moment frames studied in this
paper, regardless of the height of the building, the higher impact of long-duration ground motions
on the building insured properties compared to the content insured properties.
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5.5

Conclusion
The proposed scaling methodology for the long-duration ground motion applied the FEMA

P-695 and FEMA P-58 guidelines. Also, the proposed scaling approach is practical to compare with
short duration risk. As has been thoroughly discussed from previous literature, the long duration
increases the collapse for low-, medium- and high-rise buildings. However, long-duration does not
necessarily harm non-collapse losses because the non-collapse losses depend on the structural, nonstructural, and content response to long-duration ground motions. While the non-collapse losses were
not controlled by long duration, the average annual loss also was not controlled by long-duration
ground motions. The key findings of this study are:
• Long duration ground motion reduces the collapse capacity for all the studied steel moment
frames, where the collapse capacity was 31%, 29%, 31%, 26%, 23% lower than the collapse
capacity of the 2, 4, 8, 12, 20 steel moment frame under the short duration ground motions,
respectively. This is in line with the conclusion of other research works on steel moment frames
[99, 91, 101, 100]
• From moderate to extreme ground motion intensities, long duration exerts higher impact on
the building total dollar loss, the main reason from the increase is the higher contribution of
collapse loss as long duration shakings result in higher energy dissipation and deterioration.
The influence is more illuminated for low- and med-rise models.
• For modern code-conforming structures, analyses conducted at or below the MCE level are
not expected to detect ground motion duration effects.
• Contents have higher loss ratios at a lower level of shakings comparing with structural and
non-structural components. However, the loss ratio for both building and contents is close.
• Long duration ground motion does not play a significant role in the peak floor acceleration of
the buildings at different heights. Hence, it does not influence the content losses as it depends
solely on peak floor acceleration.
• The average annual collapse loss for a long duration is higher than the short duration. The
long-duration ground motions for the studied buildings have a lower contribution in the average
annual losses of content than those of buildings.
80

Chapter 6

Conclusions and Discussion
6.1

Overview
In this dissertation, methods for estimating content damage due to sliding and overturning

in buildings were developed and used to assess the seismic vulnerability in terms of dollar and injury
loss. This involved (1) utilizing a numerical model to estimate freestanding and anchored content
sliding and rocking nonlinear response, (2) developing fragility and consequence function for contents
in commercial buildings, (3) proposing a simplified expression to estimate a set of robust content
fragility parameters which can be easily added to existing performance-based frameworks such as
FEMA P-58, (4) Implementing the fragility and consequence parameters developed in previous
step through FEMA P-58 framework to derive building and content monetary loss functions, (5)
developing a probabilistic injury model which takes the injuries due to occupant-content impact
and falling on the ground into consideration, (6) investigating the effect of long duration records on
building (structural and nonstructural components) and content damage and loss.

6.2
6.2.1

Summary and conclusions
Seismic fragility assessment and risk mitigation of building contents
The main aim of this study was to develop a set of analytical fragility functions for a wide

range of commercial building contents. Four main dynamic models were considered: (1) freestanding
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sliding rigid block, (2) freestanding rocking rigid block, (3) anchored sliding rigid block with elasticbrittle restrainers, and (4) anchored rocking rigid block with elastic-brittle restrainers. Several
incremental dynamic analyses (IDA) were performed for each model to derive the fragility functions.
The restrainers generally were found to be improving the performance of blocks under sliding and
rocking. The elastic-brittle restrainers’ effectiveness varies with respect to the strength to weight
ratio, the component natural period, and rigid block characteristics. It was found that flexible
systems have better performance than rigid systems.
As discussed before in Chapter 3 the correlation of friction coefficient, aspect ratio, size,
strength ratio, and natural period with the fragility parameters, namely the lognormal median and
dispersion, this study proposed a simplified expression to estimate fragility parameters for both
freestanding and anchored contents. The final fragility expression obtained showed a good fit with
the analytical fragility functions.
Anchoring different content types will affect the resulting content dollar loss. It is not
reasonable to anchor all contents in commercial buildings. Therefore, decision-makers should choose
their mitigation scenario carefully to get an optimal solution between the cost of anchors and the
cost of repairs. A set of office contents was chosen in this study to evaluate restrainer effectiveness
on economic losses. Office contents were classified into four main categories: (1) heavy (more than
45kg), (2) expensive components (more than $100), (3) furniture, and (4) fragile items, taking into
consideration that a component can follow multiple categories. Based on this classification, multiple
scenarios were studied through a detailed loss assessment framework on a four-story light-frame
wood office building to find the optimal scenario.
The four mitigation scenarios are assumed: Heavy components with a weight more than
1000lb are anchored which is 19% of total content value (Case 1). Expensive components with a
cost more than $100 are anchored which is 67% of total content value (Case 2). Heavy and Expensive
components with a weight more than 1000lb are anchored which is 72% of total content value, and
all components are anchored (Case 4).
Content risk was studied using two metrics: the loss function and Average Annual Loss
(AAL). Figure 6.1 presents the relationship between the ratio of anchored contents loss ratio (LRanchor )
to the freestanding contents loss ratio (LRf ree ) with respect the the four mitigation scenarios. The
lower the ratio, the higher of anchorage effectiveness. Anchorage is more effective at lower intensity
levels comparing with higher levels because as the intensity levels increase, the collapse loss becomes
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more dominant.

Figure 6.1: Reduction in content dollar loss ratio per different mitigation scenarios.

Also, the reduction in loss increases from case4 to case1. For more explanation Figure 6.2
illustrates the demand versus capacity relationship at SLE level. The capacity is the content fragility
Probability Density Function (Pdf) multiplied with the replacement cost ratio (RC) considering
final damage state for all components and 100% replacement value; 6.2a illustrates the relationship
between the demand (peak floor acceleration) at each story concerning the capacity for all mitigation
scenarios. It can be noticed that the intersection area between the demand and capacity increases
from Case4 to Case1. Figure 6.2b shows the capacity functions for all freestanding contents, the red
line shows the envelope for all components where the maximum losses caused by desktop computer,
monitors, file cabinets, and printers (32% of total cost) which gives us an estimate of the components
that provides the highest loss.

6.2.2

Probabilistic casualty model to include injury severity in risk assessment
Historically, building content injuries, and injuries due to falling had a high contribution

to earthquake injuries. However, reliable analytical models are lacking in the studies dealing with
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Figure 6.2: Capacity demand relationship per mitigation scenarios.
content injury. This study presented a modified and improved probabilistic approach to develop
injury and fatality vulnerability functions for commercial buildings due to two leading causes: content failure modes (sliding and overturning) and falling. A Monte Carlo Simulation is performed to
predict the number of injuries in the building based on content fragility functions and the falling
acceleration of occupants. The injuries are subsequently classified into six AIS levels based on the
impact velocity. AIS1: minor injury, AIS2:moderate injury, AIS3:serious injury, AIS4:severe injuries,
AIS5:critical injury, to AIS6:fatal injuries.
An overview of the injury model is presented in the flowchart as shown in Figure 6.3. The
input of the assessment is content and restraint characteristics, followed by the nonlinear dynamic
analysis, then the development of injury consequence function and casualty affected area. The
casualty-affected area is defined as the area where the components’ damage results in injury [20].
Finally, the injury probability can be calculated using the consequence function and casualty affected
area.
This model can readily be integrated into FEMA P-58 framework. The model was implemented into two case studies: (1) four story Reinforced concrete moment frame (office). (2) four
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Figure 6.3: Content injury assessment flowchart.
story steel moment frame (office):
Case study 1, in this case study the total fatalities and injuries were the sum of collapse
and non-collapse injuries. Where non-collapse injuries are the injuries resulted from the damage of
building (structural, non-structural, and contents), and falling on the ground. It was found that at
MCE level 40% of total number of injuries are serious injuries and 20% are minor. Additionally,
contents and falling on the ground resulted in 75% of total number of injuries.
Case study 2, vulnerable components were anchored against sliding in order to study the
effectiveness of content anchorage on building safety. In this case study, sliding content-occupant
impact was the only source of non-collapse injuries. It was found that the number of non-collapse
injuries reduction depends on the intensity levels. Lower number of injuries were noticed at low
and moderate intensity levels. Also, anchorage is more effective at lower non-collapse injury severity
levels (AIS1, AIS2, and AIS3).
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6.2.3

Effect of ground motion duration on losses
A majority of prior research has almost exclusively focused on the long duration impact on

the building collapse, especially in the pacific northwest regions. Even though a number of authors
have reported that long duration shaking amplify collapse risk, the impact of long duration on noncollapse risk from building to content damage is so far lacking in the literature. To fill this knowledge
gap, this paper is providing new results on the collapse and non-collapse risk of steel moment frames.
As, steel moment frames are considered a typical class in commercial buildings, highly sensitive to
ground motion duration, and resulted in higher collapse risk at the pacific northwest area [99]. This
paper studied the influence of ground motion duration on the seismic economic risk of five modern
steel moment frame buildings with different heights 2- to 20-stories.
According to FEMA P695 performance objectives, the selection of ground motions has a
critical impact on the safety of the buildings. Which highlights the importance of duration in assessing the performance of structural systems. The selecting and scaling approach was proposed to be a
tool for researchers when applying the guidelines of the FEMA P-695 and FEMA P-58 methodology
to quantify the seismic performance of buildings. The ground motion selection approach is a FEMA
P-695 modified approach where the spectral shape of short-duration ground motions’ bi-directional
components is matched with those of long-duration ground motions. Thus, short-duration ground
motion components were normalized then the geomean of long-duration components is matched to
the geomean of the normalized short-duration ground motion components. A set of 25 long-duration
and 25 short-duration ground motions are selected and scaled. This study helps to understand how
the ground motion duration could impact the buildings components, and it can be considered a
bridge between the spectrally matched selection procedure and FEMA P-695 guidelines.
A component-based loss estimation methodology is adopted to predict seismic losses sustained by these buildings impacted by short- and long-duration ground motions. Each building
included a total of 39 structural and non-structural components and 31 building contents. The results are presented and compared in terms of two main risk assessment characteristics of a building:
vulnerability function, and normalized AAL.
Long duration resulted in lower collapse capacity for the studied steel moment frames comparing with short duration as shown Figure 6.4. The long duration reduces the collapse capacity
for almost 30% for all models. Consequently, long duration exerts higher impact on collapse loss
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ratio and AAL. However, long duration did not play a significant role on content non-collapse losses,
where the long duration did not have a big influence on the peak ground acceleration comparing with
short duration shakings. This is because of the early release of energy of short duration shakings.

Figure 6.4: Median collapse capacity (SCT ) of steel moment frames under both short duration (blue
line) and long duration set (red line) versus structural fundamental period.

6.3

Recommendations for future work

• Content-nonstructural interaction: In addition to content loss due to sliding and rocking,
building content can be damaged from nonstructural components’ damage, such as grid failure,
HVAC failure, and sprinkler system failure. Figure 6.5 presents an example of types of failure
modes that office contents may experience at the 2010 earthquake shaking of Canterbury, in
Christchurch, New Zealand. The repercussions associated with nonstructural components are
subdivided into two parts: direct, which is the replacement of any damaged component; or
indirect, which is the content damage due to nonstructural component damage. For example,
the water leakage due to piping failure in the sprinkler system may flood the entire floor,
and in consequence, all contents in the floor will be saturated, which can lead to complete
damage of electrical components. The first part of the repercussions has been thoroughly
investigated in many previous studies; however, the general understanding of the later part
of the repercussions needs to be further investigated. Therefore developing a methodology to
estimate content loss due to sliding, rocking, or nonstructural component damage, specifically
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water leakage due to sprinkler piping damage, is recommended.

Figure 6.5: Failure modes of an office subjected to earthquake shaking include sliding, overturning and the effect of nonstructural components failure under 2010 shakings at Canterbury
(https://www.chronicle.com/article/2-universities-in-new-zealand-cope-with-earthquake-damage/).
• Asymmetric content performance: Many researchers modeled building contents as a rigid
block of a uniform mass distribution with a center of gravity at the center of geometry (Figure
6.6a). On the contrary, most of the content objects can be mass eccentric (Figure 6.6b), for
example, bookcases with books on the top shelf and some medical equipment like ventilators.
It has been noted that mass eccentricity can have an effect on the response of contents; as
a result, it influences the extent of damage of these components [123]. Therefore evaluating
content response with vertical and horizontal mass eccentricity and studying the effect of
eccentricity on the damageability of contents is recommended.

Figure 6.6: Rigid block model. (a) Concentric mass, (b) Eccentric mass.
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• This study limited the study of the impact of long duration on contents placed in steel moment
frames. The impact of long duration shaking can be expanded to different building systems like
light wood frames or Reinforced concrete. Also, the effect of high velocity pulses on content
damage and loss need to be studied and assessed through the performance based framework.
• In this study, rigid block restraints are assumed to have an elastic-brittle behavior. Other
types of restraints can be further tested and assessed like elastic-plastic restrainers.
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Appendix A

Proposed equations of the median (θ) and dispersion (β) for freestanding and anchored block

The median θ and dispersion β of anchored block sliding fragility function are represented
by the second-order polynomial equation:

θ, β = a0 + a1 µ + a2 σ + a3 µ2 + a4 µσ + a5 σ 2
The parameters, R2 , and RMSE of this equation are listed in Table A1 and Table A2. Five sets of
equations represented for five Damage Measures (DM) for each equivalent period (Teq ): (1) Ultimate
displacement (xu ), (2) 0.05 m, (3) 0.1 m, (4) 0.3 m, (5) 0.5 m.
Table 1: The parameters, R2 , and RMSE of the median θ and dispersion β of anchored block sliding
fragility function at Teq of 0.05 sec
DM
xu
0.05
0.10
0.30
0.5

Teq = 0.05 sec.
θ
β
θ
β
θ
β
θ
β
θ
β

a0
-0.098
0.169
0.026
0.171
0.108
0.240
0.442
0.459
0.831
0.533

a1
0.974
-0.201
1.707
0.026
2.119
0.014
3.076
-0.449
3.268
-0.577

a2
0.984
0.008
0.785
-0.029
0.695
-0.063
0.454
-0.126
0.314
-0.135

a3
-0.426
0.222
-0.464
0.031
-0.607
-0.043
-1.141
0.244
-1.534
0.205

a4
-0.136
0.003
-0.288
-0.012
-0.341
0.002
-0.365
0.063
-0.264
0.103

a5
-0.040
0.004
-0.006
0.010
0.008
0.013
0.036
0.017
0.044
0.015

R2
0.998
0.792
0.993
0.630
0.991
0.526
0.988
0.717
0.983
0.773

RMSE
0.053
0.029
0.099
0.035
0.109
0.038
0.111
0.036
0.120
0.038

Table 2: The parameters, R2 , and RMSE of the median θ and despersion β of anchored block
sliding fragility function at Teq of 0.20 sec
DM
xu
0.05
0.10
0.30
0.5

Teq = 0.20 sec.
θ
β
θ
β
θ
β
θ
β
θ
β

a0
-0.037
0.188
0.050
0.246
0.193
0.316
0.535
0.511
0.884
0.560

a1
1.554
-0.427
2.155
-0.307
2.485
-0.353
3.363
-0.744
3.614
-0.757

a2
0.420
0.068
0.354
0.013
0.209
-0.020
0.078
-0.073
0.016
-0.074

a3
-0.826
0.421
-1.029
0.349
-1.137
0.322
-1.673
0.541
-2.115
0.377

a4
0.173
-0.028
0.064
-0.041
0.034
-0.024
-0.009
0.033
0.076
0.067

a5
-0.016
-0.005
-0.011
0.002
0.015
0.006
0.026
0.008
0.024
0.005

R2
0.998
0.942
0.986
0.681
0.993
0.699
0.992
0.885
0.985
0.875

RMSE
0.034
0.015
0.078
0.022
0.056
0.021
0.049
0.022
0.063
0.030

The median θ and dispersion β of anchored block rocking fragility function is represented
91

by second-order polynomial equation:

θ, β = b0 + b1 γ + b2 σ + b3 γ 2 + b4 γσ + b5 σ 2

In equation A2, γ should be greater than 0.1 for all cases and greater than 0.2 at R of 1.0 m and
Teq of 0.05 seconds. The parameters, R2 , and RMSE of this equation are listed in Table A3 and
Table A4. Three sets of equations represented for each DM and each equivalent period (Teq ) at
different block size (R) : (1) R = 0.1 m, (2) R = 0.4 m, (3) R = 0.8 m.
Table 3: The parameters, R2 , and RMSE of the median θ and dispersion β of anchored block
rocking fragility function at Teq of 0.05 sec
DM
ϑ u

R(m)
R = 0.1

ϑ u

R = 0.4

ϑ u

R = 0.8

α

R = 0.1

α

R = 0.4

α

R = 0.8

θ or β
θ
β
θ
β
θ
β
θ
β
θ
β
θ
β

b0
0.221
0.023
-0.122
0.472
-0.089
0.494
0.237
0.048
-0.004
0.288
-0.056
0.461

b1
-0.194
0.466
-0.181
-0.227
-0.608
0.089
0.051
0.085
1.081
0.147
2.064
0.050

b2
-0.278
0.015
0.193
-0.082
0.102
-0.040
-0.342
0.064
-0.097
-0.009
-0.168
-0.026

b3
0.875
-0.255
0.446
0.277
0.304
-0.075
0.792
0.047
0.489
-0.169
-0.035
-0.190

b4
1.823
0.004
1.661
-0.007
1.721
-0.020
1.792
0.019
1.316
0.001
1.050
-0.013

b5
-0.019
0.002
-0.070
0.011
-0.064
0.005
-0.011
-0.004
-0.021
0.003
0.000
0.004

R2
0.973
0.471
0.954
0.128
0.957
0.265
0.975
0.895
0.968
0.177
0.972
0.513

RMSE
0.251
0.093
0.321
0.116
0.300
0.051
0.241
0.033
0.244
0.060
0.211
0.048

Table 4: The parameters, R2 , and RMSE of the median θ and dispersion β of anchored block
rocking fragility function at Teq of 0.20 sec
DM
ϑ u

R(m)
R = 0.1

ϑ u

R = 0.5

ϑ u

R = 1.0

α

R = 0.1

α

R = 0.5

α

R = 1.0

θ or β
θ
β
θ
β
θ
β
θ
β
θ
β
θ
β

b0
0.146
-0.020
0.129
0.103
0.065
0.265
0.148
-0.012
0.103
0.315
0.085
0.518

b1
0.295
0.279
0.505
-0.102
0.450
-0.171
0.328
0.329
1.118
0.038
1.549
-0.256

b2
-0.039
0.057
-0.097
0.088
-0.044
0.015
-0.051
0.050
-0.135
-0.019
-0.125
-0.040
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b3
0.638
-0.090
0.447
0.193
0.476
0.182
0.743
-0.153
0.760
-0.064
0.784
0.057

b4
0.437
0.044
0.552
0.015
0.569
0.022
0.413
0.047
0.448
0.030
0.443
0.047

b5
-0.008
-0.007
-0.002
-0.008
-0.009
-0.001
-0.005
-0.006
0.005
0.002
0.002
0.002

R2
0.985
0.924
0.993
0.928
0.985
0.258
0.987
0.924
0.992
0.409
0.988
0.533

RMSE
0.083
0.031
0.070
0.028
0.102
0.093
0.080
0.029
0.084
0.037
0.110
0.042

Appendix B

list of Contents
Table 5: Content and restrainers characteristics

No.

Component

Aspect
Ratio

Radius
(m)

Friction
Coeff.

1
2
3
4
5
6
7
8
9
10
11

Beverage dispenser
Coffee machine
Undercounter fridge
Desktop computer
Plotter
Laptop
Monitor
Photo Printer
LCD 20-24 in
Digital camera
Countertop
microwave
Printer and Fax machine
Projection screen
Projector
Scanner
Conference
telephone
Laser Jet printer
Commercial printer
Office jet printer
DVD Drive
Big Glass
File cabinets
Bookcases
Vase
Coffee pot
Chair
Client Seating
Desk
Mug
Conference table
Work center

0.3
0.8
0.6
0.3
0.6
0.6
0.4
0.4
0.4
1.5
0.7

0.4
0.2
0.5
0.2
0.5
0.2
0.3
0.3
0.2
0.1
0.2

1.0

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

Restraint
Capacity/
Weight
11
2
6
2
3
10
7
3
2
17
2

Component Restraint
Cost per Cost
m2 ($)
per
m2 ($)
0.27
0.08
0.71
0.28
1.58
0.08
5.33
0.84
8.67
0.08
5.33
0.28
4.00
0.84
1.07
0.09
2.00
0.09
4.07
0.09
0.93
0.19

0.3

0.3

10

0.80

0.24

0.2
3.0
1.0
4.8

0.8
0.1
0.1
0.2

0.3
0.3
0.3
0.3

44
10
6
25

4.00
13.33
1.13
2.67

0.08
0.09
0.09
0.09

1.2
0.5
2.7
3.0
1.3
0.3
0.3
0.3
0.9
0.5
1.0
0.8
1.3
1.7
0.8

0.3
0.6
0.2
0.1
0.1
0.5
0.5
0.2
0.1
0.6
0.7
0.5
0.1
0.7
0.6

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

24
8
2
50
100
4
7
100
100
29
3
3
100
2
5

1.93
26.67
0.67
0.27
0.04
1.53
0.87
0.24
0.19
1.13
1.20
0.93
0.09
2.93
1.60

0.16
0.08
0.09
0.28
0.84
0.72
0.48
0.37
0.19
2.20
0.44
0.44
0.84
0.15
0.88
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Appendix C

List of selected long- and short-duration ground
motions.
Table 6: Long Duration Set

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Event
1992 Landers
1992 Landers
2011 Tohoku, Japan
2011 Tohoku, Japan
2003 Hokkaido, Japan
2010 Maule, Chile
1999 Chi-Chi, Taiwan
1979 Imperial Valley-06
1999 Kocaeli, Turkey
1999 Kocaeli, Turkey
2011 Tohoku, Japan
2003 Hokkaido, Japan
2011 Tohoku, Japan
2011 Tohoku, Japan
2003 Hokkaido, Japan
2003 Hokkaido, Japan
2010 El Mayor-Cucapah
2011 Tohoku, Japan
2011 Tohoku, Japan
2011 Tohoku, Japan
1999 Chi-Chi, Taiwan
1992 Landers
2000 Chi-Chi, Taiwan
1992 Landers
2002 Denali, Alasaka

Station
Coachella Canal
Indio - Jackson Road
Yanagawa
Iitate
Hayakita
Santiago La Florida
CHY052
Victoria
Bursa Tofas
Atakoy
ASHIRO
Hobetsu
Kawagoe
Nihommatsu
Shihoro
Oiwake
Chihuahua
Kawamata
Ichinoseki
Sakunami
CHY004
Mission Creek Fault
CHY107
Downey - Maint Bldg
Geophysic. Obs CIGO

MF
0.71
0.41
0.41
0.44
0.51
0.84
0.94
1.41
0.51
0.80
1.01
0.54
0.59
0.34
0.43
0.39
0.33
0.59
0.27
0.88
1.13
1.15
0.55
1.10
1.48

MF represents the matching factor. NM represents normalization factor.
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Table 7: Short Duration Set
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Event
1999 Chi-Chi, Taiwan-06
1992 Cape Mendocino
2004 Niigata, Japan
1987 Whittier Narrows-01
2010 El Mayor-Cucapah
1986 Chalfant Valley-01
1986 Taiwan SMART1(45)
2003 Chi-Chi, Taiwan-06
1986 Taiwan SMART1(45)
1999 Chi-Chi, Taiwan-04
1992 Big Bear-01
1987 Superstition Hills-02
1979 Imperial Valley-06
1987 Whittier Narrows-01
1979 Imperial Valley-06
1999 Hector Mine
2010 Darfield, New Zealand
1987 Whittier Narrows-01
1994 Northridge
1999 Chi-Chi, Taiwan-02
1994 Northridge-01
1994 Northridge-01
Victoria, Mexico
2004 Parkfield-02
2007 Chuetsu-oki, Japan

Station
CHY100
Petrolia
NIGH10
Orange Co. Reservoir
San Diego - 45th & Orange
Bishop - LADWP South St
SMART1 O02
TCU129
SMART1 I12
CHY046
San Bernardino
Poe Road
El Centro Array #1
Canyon Country -WLost Cany
Holtville Post O&#8209;ce
Mill Creek Ranger Station
DORC
El Monte - Fairview Av
LA - Fletcher Dr
TCU067
LA - Pico & Sentous
Inglewood - Union Oil
Chihuahua
Coaling - Priest Valley
Yanagishima paddocks
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NM
1.19
0.17
1.44
1.36
2.46
1.39
0.48
0.83
0.37
0.93
1.18
0.32
0.84
1.51
0.21
0.91
1.00
1.04
1.21
0.84
1.16
1.30
0.51
2.62
0.48

Appendix D

List of structural and nonstructural components

Table 8: List of vulnerable structural and nonstructural components
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Component
B1031.001
B1031.011
B1035
B1049.031
B1031.021a
B2022.001
B3011.011
C2011.031a
C3011.001a
C3011.002a
C3032.003d
D1014.011
D2021.014a
D2021.014b
D2021.024a

16

D2021.024b

17
18
19
20
21
22
23
24
25
26
27
28

D2022.014a
D2022.014b
D2022.024a
D2022.024b
D2031.024a
D2031.024b
D3031.013j
D3031.013k
D3031.022j
D3031.022k
D3041.011d
D3041.012d

29
30
31
32
33
34
35
36

D3041.032c
D3041.041b
D3052.013d
D3052.013e
D4011.024a
D4011.034a
D5012.023d
D5012.023e

Description
Bolted shear tab gravity connections
Steel column base plates
Post-Northridge RBS connection
Post-tensioned concrete flat slabs
Column splices
Curtain walls
Concrete tile roof
Hybrid stair
Wall partition, type: gypsum + wallpaper
Wall partition, type: gypsum + ceramic tile
Suspended Ceiling
Traction elevator
Cold or hot potable piping fragility
Cold or hot potable bracing fragility
Cold or hot potable water piping piping
fragility
Cold or hot potable water piping bracing
fragility
Heating hot water piping piping fragility
Heating hot water piping bracing fragility
Heating hot water piping piping fragility
Heating hot water piping bracing fragility
Sanitary waste piping piping fragility
Sanitary waste piping bracing fragility
Chiller anchorage fragility
Chiller capacity equipment fragility
Cooling tower anchorage fragility
Cooling tower equipment fragility
HVAC galvanized sheet metal ducting
HVAC galvanized sheet metal ducting - 6 sq.
ft cross sectional area or greater
HVAC drops
Variable air volume
Air handling unit anchorage fragility
Air handling unit equipment fragility
Fire sprinkler water piping piping fragility
Fire sprinkler drop standard
Low voltage switchgear anchorage fragility
Low voltage switchgear equipment fragility
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Floor
All except first
Second
All except first
All except first
Based on drawings
All except first
Roof
All except first
All except first
All except first
All except first
First
All except first
All except first
All except first

Quantity
80
16
16
16
16
280
37.8
2
3.1
0.2
5.04
1
1.76
1.76
0.63

All except first

0.63

All
All
All
All
All
All
All
All
All
All
All
All

except
except
except
except
except
except
except
except
except
except
except
except

first
first
first
first
first
first
first
first
first
first
first
first

0.07
0.07
0.07
0.07
0.8
0.8
0.05
0.05
0.05
0.05
1.05
0.28

All
All
All
All
All
All
All
All

except
except
except
except
except
except
except
except

first
first
first
first
first
first
first
first

13
7
1.2
1.2
2.8
2
0.005
0.005
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